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Abstract 
 
Hydrogen is an efficient, carbon-free and safe energy carrier. However, its compact and 
weight-efficient storage is an ongoing subject for research and development. Among the 
intensively investigated hydrogen storage materials, lithium aluminum hydride (LiAlH4) 
is an attractive candidate because of its high theoretical hydrogen density (volumetric: 
96.7g H2/l material; gravimetric: 10.6 wt.%-H2) in combination with rather low 
decomposition temperatures (onset temperature <100°C after doping). Although the 
reversible dehydrogenation of LiAlH4 must be carried out with the help of organic 
solvent, LiAlH4 can serve as single-use hydrogen storage material for various special 
applications, for example, hydrogen fuel cell systems. 
 
This thesis deals with transition metal (TM)-doped LiAlH4 aiming at tailored 
dehydrogenation properties. The crystal structure and morphology of TM-doped LiAlH4 
is characterized by XRD and SEM respectively. The positive effects of four dopants 
(NiCl2, TiCl3, ZrCl4 and TiCl4) on promoting the dehydrogenation kinetics of LiAlH4 are 
systematically studied by thermal analysis. Based on the state of each TM chloride (solid 
or liquid), three low-energy-input doping methods (1. ball-milling at low rotation speed; 
2. manual grinding or magnetic stirring; 3. magnetic stirring in ethyl ether) are compared 
in order to prepare LiAlH4 with the maximum amount of hydrogen release in 
combination with fast dehydrogenation kinetics. The dehydrogenation properties of the 
TM-doped LiAlH4 powders are measured under isothermal conditions at 80°C at a H2 
pressure of 1 bar, which is within the operating temperature range of proton exchange 
membrane (PEM) fuel cells, aiming at applications where the exhaust heat of the fuel cell 
is used to trigger the dehydrogenation of the hydrogen storage material. Furthermore, the 
mid-term dehydrogenation behavior of TM-doped LiAlH4 was monitored up to a few 
months in order to test its mid-term storability. 
  
In addition, the pelletization of TM-doped LiAlH4 is investigated aiming at a higher 
volumetric hydrogen storage capacity. The effects of compaction pressure, temperature 
and the H2 back-pressure on the dehydrogenation properties of TM-doped LiAlH4 pellets 
are systematically studied. Moreover, the volume change through dehydrogenation and 
the short-term storage of the TM-doped LiAlH4 pellets are discussed in view of practical 
applications for PEM fuel cell systems. 
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Kurzdarstellung 
 
Wasserstoff ist ein effizienter, kohlenstofffreier und sicherer Energieträger. Jedoch die 
kompakte und gewichtseffiziente Speicherung ist ein permanentes Forschungs- und 
Entwicklungsthema. Unter den intensiv untersuchten Materialien für die 
Wasserstoffspeicherung ist aufgrund der hohen theoretischen Speicherdichte 
(volumetrisch: 96,7 g H2/L, gravimetrisch: 10.6 Gew.%-H2) in Kombination mit sehr 
niedrigen Zersetzungstemperaturen (Anfangstemperatur < 100°C nach Dotierung) 
Lithium Aluminiumhydrid (LiAlH4) ein vielversprechender Kandidat. Obwohl die 
reversible Dehydrierung von LiAlH4 mit Hilfe von organischen Lösungsmitteln 
durchgeführt werden muss, kann LiAlH4-Pulver als Einweg-Speichermaterial für 
verschiedene Anwendungen dienen, beispielsweise für 
Wasserstoff/Brennstoffzellensysteme.  
 
Diese Doktorarbeit beschäftigt sich mit LiAlH4 dotiert mit Übergangsmetall, mit dem 
Ziel maßgeschneiderte Dehydrierungseigenschaften zu erreichen. Die Kristallstruktur 
und die Morphologie der mit Übergangsmetallen dotierten LiAlH4-Pulver wurden mit 
Röntgenbeugung (XRD) und Rasterelektronenmikroskopie (REM) charakterisiert. 
Weiterhin wurde der positive Effekt der Dotanden auf die reaktionsfördernde 
Dehydrierung von LiAlH4 systematisch mit Hilfe thermoanalytischer Methoden 
untersucht. Für jedes Übergangsmetall, welches in Form von Übergangsmetallchloriden 
vorlag, wurden drei Dotierungsmethoden mit niedrigem Energieeintrag (Kugelmahlen 
mit geringer Rotations-geschwindigkeit, manuelles Schleifen/Magnetrühren, 
Magnetrühren mit Ethylether) verglichen, um LiAlH4-Pulver mit einer maximalen 
Wasserstofffreisetzungsmenge in Kombination mit einer schnellen Dehydrierungskinetik 
zu erzielen. Die Dehydrierung des dotierten LiAlH4-Pulvers wurde unter isothermen 
Bedingungen bei 80°C und einem H2-Druck von 1 bar gemessen, was im Bereich der 
Betriebstemperatur von PEM-Brennstoffzellen (Proton Exchange Membran) liegt. 
Dadurch sollen Anwendungen anvisiert werden, bei denen die entstehende Abwärme der 
Brennstoffzelle genutzt wird, um die Dehydrierung des Wasserstoffspeichermaterials 
auszulösen. Zudem wurde das Dehydrierungsverhalten des dotierten LiAlH4 bis zu 
einigen Monaten kontrolliert, um die mittelfristige Haltbarkeit zu testen. 
 
Weiterhin wurde die Pelletierung des mit Übergangsmetallen dotierten LiAlH4 mit dem 
Ziel untersucht, eine hohe volumetrische Speicherkapazität zu erreichen. Der Einfluss des 
Pressdrucks, der Dehydrierungstemperatur und des H2-Gegendrucks auf die 
Dehydrierungseigenschaften der mit Übergangsmetallen dotierten LiAlH4-Presslinge 
wurde systematisch analysiert. Außerdem wird die Volumenveränderung durch die 
  
IV 
 
Dehydrierung und die Kurzzeitspeicherung der mit Übergangsmetallen dotierten LiAlH4-
Presslinge im Hinblick auf praktische Anwendungen unter Nutzung der Brennstoffzelle 
diskutiert.   
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1. Introduction  
 
 
 
1.1 Hydrogen economy and the significance of research on hydrogen 
storage materials 
 
After entering the 21 century, the rapid development of science and technology stimulates 
a worldwide economic growth accompanied by the increasingly fast industrialization and 
urbanization process, which requires a large amount of energy supply. The world energy 
consumption increased from 5×10
12
 kWh/year in 1860 to 1.2×10
14
 kWh/year today [1]. 
So far, most of energy required in industry was provided by traditional fossil fuels such 
as coal, petroleum and natural gas for their high energy density, relatively low cost and 
good availability [1]. However, the reserves of these fossil fuels are finite and unevenly 
distributed [2]. Another disadvantage of using traditional fossil fuels is the environmental 
damage caused by mining, processing and combustion of fossil fuels. The CO2 emission 
from burning of fossil fuels is the primary source of greenhouse gases, contributing to the 
global warming in recent years [1]. Thus, alternative fuels should be considered and 
related technologies should be developed.                                  
At present, renewable energy sources, such as hydro, solar and wind are developing 
rapidly in many countries. However, their specific requirements of topography, weather 
and technologies limit their market share percentage. In this connection, hydrogen as 
secondary energy carrier has the great potential to replace the dominant position of fossil 
fuels. It has some special properties as listed below [3-12]:     
                       
a) Hydrogen is the lightest element with the atomic number 1. The density of 
hydrogen is 0.0899 g/l (0
o
C, 101.325 kPa). At standard temperature and pressure, 
hydrogen exits in the gaseous state (see Fig. 1.1). 
b) Hydrogen has the highest specific heat (28.836 J/mol·K) and thermal conductivity 
(0.1805 W/m·K) of all gases. 
c) The lower heating value of hydrogen is 33.33 kWh/kg. It is about three times as 
high as that of regular gasoline.  
d) Hydrogen gas is highly flammable and will burn in air at wide range (volume 
concentration between 4% and 75%). The burning velocity of hydrogen in air is 
faster than that of other fossil fuels (2.65 m/s). 
e) Hydrogen is colorless, odorless, tasteless and nonpoisonous. The sole combustion 
product of hydrogen gas is water. (see reaction 1.1) 
 
2H2 (g) + O2 (g)                2H2O (l)                    ΔH = -572 kJ/mol                     (1.1) 
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f) In addition, hydrogen as element is the most abundant chemical substance, 
constituting roughly 75% of the mass of the universe. Most of the hydrogen 
element exists on earth is chemically bound in water, which is the richest natural 
resource on earth. 
 
 
 
 
Figure 1.1:   Simplified phase diagram of hydrogen ([9]) 
 
 
 
Based on these characteristics, hydrogen is already widely used in different areas. In view 
of energy technologies, several important ways for the conversion of hydrogen to energy 
are summarized as below [1]:            
 
 
 
 
 
 
 
 
 
 
 
 
   
 
      
Figure 1.2:   The hydrogen economy system ([1]) 
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a) Conventional engines: Hydrogen can be used as a substitute fuel in hydrocarbon-
fed gas turbines and internal combustion engines (ICE). 
b)  Fuel cell: A fuel cell is a device that converts the chemical energy from a fuel 
into electricity through a chemical reaction. Hydrogen is the commonly used fuel 
for most of currently developed fuel cells.  
c) Portable electronics: The fuel cells employing hydrogen as fuel can be used as 
the energy supplier for all kinds of portable electronics, such as radios, CD-
players, mobile phones and notebooks. 
d) Zero emission vehicles: vehicles driven by proton exchange membrane (PEM) 
fuel cells can realize ideal zero emission in the future.  
e) Power and heating (CHP): The fuel cells employing hydrogen as fuel can be 
used in the combine heat and power system (CHP). They are expected to replace a 
large part of the current, oil and natural gas technologies used in power and 
heating.  
 
Although hydrogen has many advantages compared with conventional fossil fuels, the 
practical application of hydrogen as an alternative energy carrier is a complex process 
(see Fig. 1.2). At present, the biggest barrier to the adoption of hydrogen as a fossil fuel 
replacement is the storage problem. Thus, hydrogen storage materials have become an 
important topic of novel materials research in recent years.  
 
 
 
1.2  A brief review on hydrogen storage materials and technologies 
 
The requirements of hydrogen storage technologies for practical application include high 
energy density (gravimetric capacity and volumetric capacity), low production cost, low 
operation cost and sufficient kinetics at proper temperature and pressure. Furthermore, 
owing to the highly flammable properties of hydrogen, the safety of hydrogen storage 
technologies should be carefully considered. In recent decades, various novel hydrogen 
storage materials have been investigated. Several common hydrogen storage materials 
and technologies will be introduced in this section.      
 
1.2.1 Classification of hydrogen storage technologies 
  
Hydrogen can be stored in many media. The hydrogen storage can be classified into 
different methods and phenomena [11]:  
 
a) High pressure gas cylinders (up to 850 bar). 
b) Liquid hydrogen in cryogenic tanks (at 21 K). 
c) Adsorbed hydrogen on materials with a large specific surface area (at T< 100 K), 
such as carbon materials, zeolites and metal-organic frameworks (MOFs). 
Chapter 1 Introduction 
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d) Absorbed on interstitial sites in a host metal (at ambient pressure and temperature), 
such as many metal hydrides. 
e) Chemically bond in covalent and ionic compounds (at ambient pressure). 
Complex hydrides, like alanates, belong to this type. They always have a high 
gravimetric hydrogen density.  
f) Hydrolysis of reactive metals and hydrides like Li, Na, Na(BH4).  
g) Chemical hydrides, like NH3, NH3BH3 and so on.  
 
 
 
 
 
 
 
                      
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3:   Hydrogen storage methods (schematics [11]) 
 
 
The mechanisms of these methods are illustrated in Figure 1.3. Here red spheres 
represent the hydrogen atoms while grey spheres represent the atoms of host materials. 
The blue spheres in the last graph are oxygen atoms. In the subsequent paragraphs, 
several common hydrogen storage media will be introduced.  
 
(1) Conventional hydrogen storage technologies 
 
Conventional hydrogen storage technologies include storing the compressed hydrogen in 
high pressure vessels and storing the liquid hydrogen in cryogenic vessels. Barthelemy 
[13] classifies the modern high pressure hydrogen cylinders into four types. Type I is the 
commonly used compressed hydrogen storage vessel made of metal with a pressure from 
150 bar to 300 bar (usually 200 bar). High pressure composite vessels (type II, III, and IV) 
are developed for several decades. Nowadays type III and IV are the main stream of 
composite vessels [14-18]. Schlapbach et al. [10] reported the novel high pressure tanks 
made of carbon-fiber-reinforced composite material. These are tested up to 850 bar and 
filled up to 700 bar for regular use.  
               Metal hydrides         Complex hydrides   Chemical hydrides 
   Hydrogen gas             Liquid hydrogen Physisorption 
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Another conventional hydrogen storage technology is directly condensing hydrogen into 
liquid state and storing it in the cryogenic vessels [19-23]. The density of hydrogen at 
0
o
C and standard atmosphere pressure is 0.0899 g/l. In contrast, the density of liquid 
hydrogen is 70.8 g/l at -253
o
C and the solid hydrogen is 70.6 g/l at -262
o
C [1, 9]. The 
volumetric hydrogen density will dramatically increase after condensing the gas 
hydrogen into the liquid state. Moreover, the requirement of wall thickness for cryogenic 
vessels is much lower than that of compressed hydrogen cylinder since it need not resist 
the high hydrogen pressure.  
The two conventional hydrogen storage technologies have been used for many years. 
However, their disadvantages are evident [1, 9, 10, 19-20]. For pressurized cylinders, the 
energy consumption and the safety of the hydrogen compression are important issues. For 
cryogenic vessels, the condensation temperature of hydrogen at 1 bar is -252
o
C and the 
vaporization enthalpy at the boiling point amounts to 452 kJ/kg. About 40% of energy 
will be lost during the liquefaction process, which is even much more than that in the 
hydrogen compressing process. 
 
(2) Novel hydrogen storage technologies 
 
Newly developed hydrogen storage technologies include hydrogen adsorption on solids 
of large surface area, hydrogen storage in metal hydrides, hydrogen storage in complex 
hydrides and so on [10]. One typical representative of the solids with large surface area is 
carbon materials [24-31]. Metal hydrides and complex hydrides are especially promising 
because the greatest values for volumetric densities of hydrogen are found in metal 
hydrides while complex hydrides have large gravimetric hydrogen density [11]. Their 
hydrogen storage mechanisms are similar, the main difference of complex hydrides to 
metallic hydrides is the transition to an ionic or covalent compound of the metals upon 
hydrogen absorption [11]. More details about metal hydrides and complex hydrides will 
be introduced in sections 1.2.2 and 1.2.3.    
 
 
1.2.2 Intermetallic hydrides 
 
The research of metal hydrides can be traced back to the 1960s. Reilly and Wiswall [32] 
from Brookhaven National Laboratory of the US found the intermetallic compound, 
Mg2Ni, react readily with H2 at 20 bar and 325
o
C. The product was a new ternary hydride 
with formula Mg2NiH4. In the Netherlands, Vuncht et al. [33] from Philips Research 
Laboratories found another alloy, LaNi5, has good hydrogen storage properties. 
Subsequently the research of metal hydrides attracted wide attention and a variety of 
metal hydrides has been discovered for hydrogen storage. Especially interesting are 
intermetallic compounds with the formula of ABx. Here A is an element with a higher 
Chapter 1 Introduction 
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affinity to hydrogen, usually a transition metal, an alkaline earth metal or a rare earth 
metal and tends to form a stable hydride. Whereas B represents an element with relatively 
lower affinity to hydrogen, usually a transition metal and form unstable hydrides [1, 34]. 
The most important families of hydride-forming intermetallic compounds are 
summarized in table 1.1.  
 
Table 1.1: The most important families of intermetallic hydrides ([1]) 
Intermetallic 
compound 
Prototype Hydride Structure 
AB5 LaNi5 LaNiH6 Haucke phases, hexagonal 
AB2 ZrV2,ZrMn2,TiMn2 ZrV2H5.5 Laves phase, hexagonal or cubic 
AB3 CeNi3, YFe3 CeNi3H4 Hexagonal, PuNi3-type 
A2B7 Y2Ni7, Th2Fe7 Y2Ni7H3 Hexagonal, Ce2Ni7-type 
A6B23 Y6Fe23 Ho6Fe23H12 Cubic, Th6Mn23-type 
AB TiFe, ZrNi TiFeH2 Cubic, CsCl- or CrB-type 
A2B Mg2Ni, Ti2Ni Mg2NiH4 Cubic, MoSi2- or Ti2Ni-type 
 
The reaction between metals/alloys/intermetallics and hydrogen can be described by 
reaction 1.2 [35]:  
 
                                        M + x/2 H2              MHx,                                                       (1.2) 
 
Here M represents the metals/alloys/intermetallics. The reversible hydrogen absorption of 
these metals/alloys/intermetallics is a multi-step process. The thermodynamic aspects of 
the hydride formation from gaseous hydrogen can be described by pressure–composition 
isotherms (see Fig. 1.4) as below [10]: a) First, hydrogen atoms are dissolved into the 
host metal as solid solution (α-phase); b) As the ambient hydrogen pressure is increased, 
interactions between hydrogen atoms and metal occur to form hydride phase (β-phase). 
While the two phases (α + β) coexist, the isotherms show a flat plateau; c) After all the α-
phase transformed into β-phase, the H2 pressure rises steeply with the concentration. The 
plateau or equilibrium pressure depends strongly on temperature and is related to the 
changes of enthalpy (∆H) and entropy (∆S), respectively [10].  
Table 1.2 gives hydrogen storage properties comparison of Mg-based metallic hydrides. 
Compared with high-pressure hydrogen tanks and the storage of liquid hydrogen, storing 
 
Table 1.2:            Hydrogen storage properties of Mg-based hydride ([1]) 
Formula Volumetric 
(g-H2/l) 
Desorption  
pressure (bar) 
Desorption 
temperature (
o
C) 
α-MgH2 109 1 280 
Mg2FeH6 150 1 320 
Mg2CoH5 126 1 280 
Mg2NiH4 98 1 250 
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Figure 1.4: Pressure–concentration–temperature plot and corresponding van’t 
Hoff curve (Logarithm of the equilibrium or plateau pressure against 
the reciprocal temperature [1]) 
 
hydrogen in metallic hydrides is a more reasonable way for practical applications in view 
of storage efficiency, energy consumption and security factors. However, it also has some 
significant problems regarding their desorption temperature, kinetics and cycle life. 
Among the four listed Mg-based metallic hydrides, Mg2NiH4 is the only commercialized 
one, which decomposes only above ~250
o
C [1]. Thus, investigations on improving the 
hydrogen storage properties of intermetallic hydrides have never been stopped. Taking 
Mg2NiH4 for example, the hydrogen storage properties of Mg2Ni can be greatly enhanced 
by the means of element substitution, surface treatment, mixing with other compound and 
so on. 
 
 
1.2.3 Complex hydrides 
      
Complex hydrides include the alanates, amides, and borohydrides (in periodic table, IA 
and IIA salts of [AlH4]
-
, [NH2]
-
, and [BH4]
-
) [36]. They are attractive hydrogen storage 
candidates due to their high gravimetric hydrogen density. Table 1.3 lists the properties of 
some important complex hydrides. It can be noticed some of them, like Mg(BH4)2 and 
LiBH4, contain more than 14 wt.% of hydrogen, which is rarely high in present hydrogen 
storage media. However, their application is blocked by the reaction kinetics, 
reversibility and other dehydrogenation problems like unwanted side reactions.   
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Table 1.3:         Material properties of complex hydrides ([36-43]) 
Material Density 
(g/mol) 
Density 
(g/cm
3
) 
H2-Gravimetric 
capacity (wt.%) 
H2-Volumetric 
capacity (g/L) 
Tm 
(
o
C) 
LiAlH4 37.95 0.917 10.62 96.7 112-220
d
 
NaAlH4 54.00 1.28 7.41 94.8 178 
KAlH4 70.11 0.93 5.71 53.2 --- 
Mg(AlH4)2 86.33 0.78 9.27 72.3 --- 
Ca(AlH4)2 102.10 0.90 7.84 70.4 > 230
d
 
LiNH2 22.96 1.18 8.78 103.6 372-400 
NaNH2 39.01 1.39 5.15 71.9 210 
KNH2 55.12 1.62 3.66 59.3 338 
Mg(NH2)2 56.37 1.39 7.15 99.4 360 
Ca(NH2)2 72.13 1.74 5.59 97.3 --- 
LiBH4 21.78 0.66 18.36 122.5 268 
NaBH4 37.83 1.07 10.57 113.1 505 
KBH4 53.94 1.17 7.42 87.1 585 
Mg(BH4)2 53.99 0.989 14.82 146.5 320
d
 
Ca(BH4)2 69.76 ---- 11.47 ---- 260
d
 
Al(BH4)3 71.51 0.7866 16.78 132 
-64.5
d
 
44.5
b
 
 
* d and  b represent decomposition and boiling temperature, respectively. 
 
 
1.2.4 Hydrogen storage alanates 
 
The important complex hydrides for hydrogen storage include alanates, amides, and 
borohydrides. Among them the most extensively studied complex hydrides are alanates 
since their availability and hydrogen storage properties are much closer to the practical 
application. Hydrogen storage alanates are ionic compounds with general formula 
MxAlyHz, where M represents an alkali or alkali earth metal; Here M is the positive ion 
and the negative ion is a covalent compound of aluminum and hydrogen [1, 11, 36]. The 
following paragraphs will introduce the properties of three important hydrogen storage 
alanates, LiAlH4, NaAlH4, and KAlH4.  
 
(1) The preparation of hydrogen storage alanates 
       
LiAlH4 was originally synthesized by Finholt et al. in 1947 according to reaction 1.3 [44]. 
Now it is available commercially and widely used as reducing agent in organic synthesis. 
Pure LiAlH4 is a white solid, but commercial powders usually show gray color due to 
impurities. The density of LiAlH4 is 0.917 g/cm
3
. Its melting point (Tm) is about 150
o
C.   
 
                          4 LiH +AlCl3     
Ether 
        LiAlH4 + 3LiCl                                           (1.3) 
 
NaAlH4 is a white crystalline solid. It is commonly used as reagent for the synthesis of 
organic compounds and is commercially available. NaAlH4 was originally synthesized by 
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Finholt et al. [45] in 1955. Later the preparation of NaAlH4 was reported by Dymova et 
al. [46] according to reaction 1.4. The density of NaAlH4 is 1.28 g/cm
3
. It is melting point 
is about 180 
o
C.  
 
                          Na + Al + H2     
T < 270-280  C, P > 175bar H2       NaAlH4                                (1.4) 
 
KAlH4 is another important alanate with reversible dehydrogenation properties. Unlike 
NaAlH4 and LiAlH4, KAlH4 is not commercially available at present. It has been 
originally synthesized by Ashby et al. [47] in 1963. Later on Morioka et al. [48] prepared 
KAlH4 in high pressure according to reaction 1.5.   
 
                               KH + Al      
T = 270  C, P > 175bar H2        KAlH4                                       (1.5) 
 
(2) The crystal structure of hydrogen storage alanates 
 
The crystal structure of LiAlH4 was first determined by Sklar et al. in 1967 using single-
crystal X-ray diffraction methods [49]. Their results indicate LiAlH4 has a monoclinic 
unit cell with space group of P21/c. More accurate experimental structure of LiAlD4 was 
determined via neutron diffraction by Hauback et al. in 2002 [50]. They reported the cell 
parameters of LiAlD4 as a = 4.8254(1), b = 7.8040(1), c = 7.8968(1) Å and ß = 
112.268(1)
o
 at 295 K. Recently a ball-and-sick models of LiAlH4 was built by Ma et al. 
via first-principles investigation (Fig. 1.5 (a)) [51]. Ma et al. point out that LiAlH4 will 
experience a phase transition under a 2.6 GPa pressure changing from the monoclinic 
P21/c structure to the tetragonal I41/a structure with a big volume collapse (~20%) [51-
52]. The crystal structure of another important phase (Li3AlH6, the intermediate phase 
during the dehydrogenation of LiAlH4) is displayed in Fig. 1.5 (b). The space group of 
Li3AlH6 is R3 with cell parameters of a = 8.07117(10) and c = 9.5130(2) Å [53].  
 
 
 
 
 
 
 
 
 
 
 
                                 
(a) LiAlH4                                             (b) Li3AlH6 
 
 
Figure 1.5: Ball-to-stick models of LiAlH4 and Li3AlH6 ([51], the red spheres are 
Li atoms, gray spheres represent Al and white ones represent H 
atoms.) 
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In 1979 Lauher et al. [54] prepared single crystals of NaAlH4 and determined its 
tetragonal crystal structure. More detailed structure report of NaAlD4 is given by Hauck 
et al. [55] in 2003 using powder neutron diffraction (Fig. 1.6). Their results indicate that 
NaAlD4 belongs to the space group of I41/a with a = 5.0119(1) and c = 11.3147(5) Å at 
295 K. 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
        Figure 1.6:   The structure model of              Figure 1.7:   The structure model of      
                             NaAlD4 ([55])                                                KAlD4 ([57]) 
                    
The crystal structure of KAlH4 is determined by Vajeeston et al. [56] via first principle 
projected augmented plane wave method. They concluded that KAlH4 crystallizes in the 
orthorhombic KGaH4-type structure (space group Pnma) with unit-cell dimensions a = 
9.009, b = 5.767, c = 7.399 Å. A more detailed crystal structure study of KAlD4 was 
published by Hauback et al. [57] through powder neutron diffraction data at 8 K and 295 
K (see Fig. 1.7).  
 
(3) The dehydrogenation of hydrogen storage alanates 
 
LiAlH4 is attractive for hydrogen storage because of its high hydrogen gravimetric 
capacity (10.6 wt.%). The dehydrogenation process is a three-step-decomposition of 
LiAlH4. The dehydrogenation temperature is affected by many factors like particle size, 
heating rate and dopants. Since LiAlH4 is the research subject of this thesis, the 
dehydrogenation of LiAlH4 will be discussed in details in section 1.2.5.      
NaAlH4 is the earliest investigated material for hydrogen storage in the alanates group 
[58-74]. Dilts et al. [60] described the decomposition of NaAlH4 as two-step reactions as 
below:   
 
                                   NaAlH4                 1/3 Na3AlH6 + 2/3 Al + H2                             (1.6) 
 
                            1/3 Na3AlH6                 NaH + 1/3 Al + 1/2 H2                                    (1.7)       
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As a milestone of the research, Bogdanovic et al. [58] prepared NaAlH4 in ether solutions 
with Ti-containing dopants. They obtained two nearly horizontal temperature-dependent 
pressure plateaus corresponding to the two-step decomposition of NaAlH4 and achieved 
reversible hydrogen capacities of 4.2–3.1 wt.%.  
Similar to LiAlH4 and NaAlH4, the dehydrogenation of KAlH4 is realized by the 
decomposition process from reaction 1.8 to 1.10 [75-77]. The decomposition temperature 
is in the range of 250 – 350oC and the experimentally hydrogen release is about 3.5 wt.%.  
 
                          3KAlH4                K3AlH6 + 2Al + 3H2                                                 (1.8) 
 
                          K3AlH6                 3KH + Al + 3/2H2                                                    (1.9) 
 
                          3KH                     3K + 3/2H2                                                              (1.10) 
 
Table 1.4: Properties comparison of hydrogen storage alanates ([36, 76, 78-82]) 
 LiAlH4 NaAlH4 KAlH4 
Density (g/cm
3
) 0.917 1.28 0.93 
Hydrogen (kg/m
3
) 96.65 94.85 53.2 
Hydrogen (wt.%) 10.54 7.41 5.71 
Commercially available Yes Yes No 
Reversibility No Yes Yes 
Dehydrogenation temperature (
o
C) 150-175 ~ 190 ~ 300 
 
The important properties of hydrogen storage alanates mentioned before have been 
compared in table 1.4. LiAlH4 shows the highest hydrogen gravimetric capacity and 
volumetric capacity. It is steadily commercially available. Moreover, LiAlH4 releases 
hydrogen under atmospheric pressure and the dehydrogenation temperature is lower than 
the others, which is especially important for the practical application. Thus, LiAlH4 is 
selected as the research subject in this thesis. The problem is the dehydrogenation of 
LiAlH4 to Li3AlH6 is irreversible. However, LiAlH4 can be employed as ideal single-use 
hydrogen storage material. More details about this use will be discussed in next section.       
 
 
1.2.5 LiAlH4 as single-use hydrogen storage material 
 
(1) Why choosing LiAlH4 as single-use hydrogen storage material? 
 
As described in section 1.2.4, LiAlH4 is an attractive hydrogen storage material because 
of its high hydrogen storage capacity in combination with its practically accessible 
dehydrogenation conditions. The main reasons why LiAlH4 is selected as the candidate 
for hydrogen storage are listed as below: 
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a) High hydrogen capacity (volumetric: 95 g-H2/l; gravimetric: 10.6 wt.%-H2); 
b) The moderate temperature of dehydrogenation (below 100oC after doping); 
c) The moderate pressure of dehydrogenation (close to atmospheric pressure); 
d) The improved hydrogen desorption rate after doping; 
e) Commercially available at present. 
 
 
 
Figure 1.8:   Calculated stability diagrams of LiH, Li3AlH6 and LiAlH4 ([83]) 
     
Although LiAlH4 has some advantages when considered as hydrogen storage material, 
the reversible reaction from Li3AlH6 to LiAlH4 is thought to be thermodynamically 
impossible [83]. Reactions 1.11 and 1.12 describe the hydrogenation process from LiH to 
LiAlH4. Jang et al. [83] calculated the stability diagram of LiH, Li3AlH6 and LiAlH4 
according to the experimental data from [84] and [85] (see Figure 1.8). They predict 
more than 10
3
 bar of hydrogen partial pressure is necessary to induce reaction 1.12 above 
room temperature, which is practically not feasible. In contrast, the necessary pressure of 
reaction 1.11 at room temperature is within a large range (from below 1 bar to several ten 
bars) due to different experimental data used for calculation. In fact, only few literatures 
detected the hydrogenation phenomenon (without the aid of organic solvents) in 
experiments for both reaction 1.11 and 1.12. Chen et al. [84] observed 1.8 wt.% hydrogen 
absorption by thermogravimetry analysis at about 180
o
C and under a hydrogen pressure 
of 4 MPa. Kojima et al. [86] reported a small amount of LiAlH4 was directly synthesized 
by ball-milling of LiH and Al in a H2 atmosphere (1MPa) at room temperature. However, 
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it is difficult for LiAlH4 to serve as reversible hydrogen storage material like NaAlH4 or 
many other metal hydrides.     
 
              3LiH + 3/2 H2 + Al                   Li3AlH6                                                          (1.11) 
 
              Li3AlH6 + 3H2 + 2Al                3LiAlH4                                                         (1.12)  
 
However, it is found in recent studies that when set in some organic solvent, the 
reversible dehydrogenation of LiAlH4 is actualized. With the aid of organic solvent, some 
adducts of LiAlH4 is formed and the enthalpy difference of the decomposition reactions 
is changed [87-90]. Wang et al. [87] employed a five-step physiochemical pathway for 
the cyclic dehydrogenation and rehydrogenation of LiAlH4 from LiH, Al and H2. The 
decomposed LiAlH4 was fully rehydrogenated through the physiochemical pathway in 
tetrahydrofuran (THF). Wang ascribed the successful rehydrogenation to the enthalpy 
change associated with the formation of a LiAlH4·THF adduct. Graetz et al. [88] 
developed a simpler process to regenerate LiAlH4 from its dehydrogenated products as 
below: 
 
                  Step1.     LiH + 3/2 H2 + Al      
THF       LiAlH4·THF                                   (1.13) 
 
                  Step2.     LiAlH4·THF    
desolvation         LiAlH4                                               (1.14) 
 
Furthermore, Liu et al. [89] reported a single step procedure for direct rehydrogenation of 
Ti-doped LiAlH4. They exploit low-boiling dimethyl ether (Me2O; bp = -24
o
C) as the 
reaction medium. Then the volatile solvate is evacuated after the rehydrogenation of 
LiAlH4. These publications offer an energy-efficient way for the off-board refueling of 
LiAlH4. But the rehydrogenation process of LiAlH4 is complicated. What is more, the 
solvent is introduced to the system and it must be considered when calculating the 
hydrogen capacity of the material. Thus, the use of LiAlH4 in reversible onboard 
hydrogen storage system is still unrealistic. However, it opens another line of thought. 
LiAlH4 can be simply employed as single-use hydrogen storage material. After 
dehydrogenation, the decomposed material can be sent back to the factory for a 
centralized rehydrogenation treatment. 
 
Table 1.5:                          Possible application of LiAlH4 
Application field Simple description 
Hydrogen storage 
tank 
Powdery LiAlH4 can be compacted and sealed in shells, 
working as the hydrogen storage tank for the atmospheric 
storage of hydrogen. 
Fuel cell based power 
systems 
Hydrogen is the preferred fuel for most of currently developed 
fuel cells. LiAlH4 can be applied as the single-use hydrogen 
supplier of most fuel cell system.  
Transportation 
systems 
(like cars and buses) 
There are two ways for LiAlH4 to be applied in the 
transportation system: (1) Used as one part of the ICE system, 
providing hydrogen via the dehydrogenation for ICE; (2) Used 
as the single-use hydrogen supplier of fuel cell system. 
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To reduce cost and get the maximum performance of the material, LiAlH4 is suggested to 
serve as single-use hydrogen storage material, providing hydrogen for on-board 
applications and getting off-board refueling. Table 1.5 lists some possible application of 
LiAlH4 when it is used as single-use hydrogen storage material. It is worthwhile noting 
that when applied in the transportation system and fuel cell system, LiAlH4 has great 
market potential.  
 
(2) The dehydrogenation properties of pure LiAlH4  
 
To have a better understanding of the dehydrogenation properties of LiAlH4, the section 
starts with pure LiAlH4. The physical properties and the synthesis process of LiAlH4 
have been introduced in 1.2.4. In this section, the dehydrogenation process of LiAlH4 and 
the factors affecting the dehydrogenation will be discussed.   
 
(2-1) The dehydrogenation process of LiAlH4 
 
The chemical reactions during the decomposition process of LiAlH4 are generally 
accepted as three steps since the early 1970s [60]: 
 
                     3 LiAlH4                     Li3AlH6 + 3 H2 + 2 Al                                           (1.15) 
                      Li3AlH6                     3 LiH + 3/2 H2 + Al                                               (1.16)  
                 3 LiH + 3 Al                   3 LiAl + 3/2 H2                                                     (1.17)  
 
Reaction 1.17 is not observed at technically relevant temperature conditions (T < 250°C) 
for most practical application. However, even if only taking reactions 1.15 and 1.16 into 
account, LiAlH4 can release up to 7.97 wt.%-H2, which exceeds the targets of U. S. 
Department of Energy (DOE)  for onboard hydrogen storage system in 2017 (5.5 wt.%-
H2) [91]. Therefore, the study of LiAlH4 in this thesis only refers to reactions 1.15 and 
1.16 (will not be repeated later). Although the above mechanism has been adopted by 
most researchers, a one-step process of the LiH formation without intermediate formation 
of Li3AlH6 was presented recently by Balema and Wiench et al. as below [92-93]: 
 
                             2 LiAlH4                  2 LiH + 2 Al + 3 H2                                          (1.18) 
                            2 LiH + LiAlH4                 Li3AlH6                               (1.19) 
 
According to Balema and Wiench’ hypothesis, Li3AlH6 is formed in the consecutive 
reaction 1.19 and collapsed at elevated temperatures according to reaction 1.16. Although 
very reasonable, the decomposition process of LiAlH4 has never been unambiguously 
confirmed up to now. 
The thermal decomposition behavior of pure LiAlH4 is often characterized by DSC plots. 
Fig. 1.9 exhibits a typical DSC curve of pure LiAlH4, including two exotherms (1, 3) and 
two endotherms (2, 4). Varin et al. [94] explain these characteristic peaks corresponding 
to four processes as below:   
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1:    > Al-OH + H-Al >             > Al-O-Al < + H2 
 
2:    LiAlH4 (s)             LiAlH4 (l) 
 
3:    3 LiAlH4 (l)             Li3AlH6 (s) + 3 H2 + 2 Al (s)                                  
4:    Li3AlH6           3 LiH + 3/2 H2 + Al      
 
 
 
Figure 1.9:   DSC curve of as-received LiAlH4 ([94]) 
 
This explanation is widely accepted in present studies [36-37, 94-97]. The first 
exothermic peak is attributed to surface reactions of impurities [98-99]. The first 
endothermic peak is assigned to the melting of solid LiAlH4 (the melting point of LiAlH4 
is about 150
o
C). The melting enthalpy of LiAlH4 is quoted as 13 kJ/mol by Ares et al. and 
7.41 kJ/mol by Langmi et al. [96, 97]. The second exothermic peak and the second 
endothermic peak are respectively associated with process 3 and 4. The enthalpy change 
of process 3 and 4 are respectively -14 kJ/mol and 15 kJ/mol according to Ares et al.’s 
report [96]. More experimental data of the enthalpy change from process 2 to 4 are listed 
in table 1.7.  
On the other hand, two different decomposition processes of LiAlH4 depending on the 
heating rate have been observed by Ares et al. [96]. When the heating rate is above 1 
K/min (Fig. 1.10 (a), (b) and (c)), the thermal decomposition behavior of LiAlH 4 
 
Table 1.6: The experimental enthalpy change found in literatures 
 
Literature 
∆H of different processes (kJ/mol) 
2: Melting of LiAlH4   3: LiAlH4 (l)     Li3AlH6 (s) 2 + 3 4: Li3AlH6          LiH 
[96] 13 -14 -1 15 
[97] 7.41 -6.53 0.88 6.90 
[100] 16.6 --- --- --- 
[36] --- -10 --- 25 
Literature 2 :´ LiAlH4 (s)      Li3AlH6 (s) 3 :´ Li3AlH6        LiH  
[96] 1.6 16 
[97] 0.86 6.94 
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Figure 1.10:   DSC curves of as-received LiAlH4 at different heating rate ([96]) 
 
 
complies with the four-step process previously described by Varin et al. [94]. In Fig. 1.10, 
the peaks I, II and III respectively correspond to the process 2, 3 and 4. In contrast, when 
the heating rate is below 1 K/min (Fig. 1.10 (d) and (e)), LiAlH4 will decompose before 
achieving the melting temperature. Therefore, the DSC curves of LiAlH4 exhibits only 
two endotherms. The peak from the reaction of impurity (see process 1) is too weak to be 
observed. The peak IIb is assigned to the decomposition of solid LiAlH4. Thus, the whole 
process can be explained as three steps: 
 
1 :´    > Al-OH + H-Al >             > Al-O-Al < + H2 
 
2 :´    3 LiAlH4 (s)              Li3AlH6 (s) + 3 H2 + 2 Al (s) 
                                 
3 :´    Li3AlH6              3 LiH + 3/2 H2 + Al                                   
 
The enthalpy change of process 2  ´ is reported as 1.6 kJ/mol by Ares et al. and 0.86 
kJ/mol by Langmi et al. [96-97]. These values are close to the enthalpy change of process 
2 + 3 in the case of melting. Considering the experimental uncertainty, the results of table 
1.6 are consistent with the calculated enthalpy change corresponding to the 
decomposition of solid LiAlH4 to solid Li3AlH6 [101-103]. 
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(2-2) The factors affecting the dehydrogenation of LiAlH4  
 
(A) Particle size (Ball-milling) 
 
Particle size is an important factor when investigating the properties of hydrogen storage 
materials, especially for the nano-sized materials. The most common method of 
decreasing the particle size is dry ball-milling. However, the systematical study of the 
relation between the particles size and the ball-milling parameters (rotation speed, ball-
to-powder ratio, milling time and so on) is difficult due to the different types of employed 
mills. Varin et al. [94] compare the particle size of as-received LiAlH4 and LiAlH4 ball-
milled for 2 hours using magneto-mill Uni-Ball-Mill 5 (manufactured by A.O.C. 
Scientific Engineering Pty Ltd., Australia, also used in [104-108]) with IMP68 mode 
(rotation speed : 200 rpm, ball to powder ratio: 132:1). It reported that the as-received 
LiAlH4 has an average particle size of 9.9±5.2 µm while the milled LiAlH4 has a reduced 
average particle size of 2.8±2.3 µm. Ares et al. [96] study the influence of milling time on 
the particle morphology of LiAlH4 through SEM micrographs (displayed in Figure 1.11). 
They also give the relationship of ball milling time and the particle size (or crystallite 
size obtained by Rietveld analyses of diffraction patterns) of LiAlH4 in Table 1.7. The 
results indicate that in the beginning both particle size and crystallite size of LiAlH4 
decrease with the increase of milling time. Then the smaller particles tend to agglomerate 
and the particle size is not further reduced when go on increasing the milling time. 
 
 
 
     
    Figure 1.11:   SEM micrographs of LiAlH4 milled for (a) 30 min (b) 1.5 h (c) 7 h ([96]) 
 
 
Table 1.7: Size comparison of LiAlH4 milled for different times ([96]) 
Milled time (h) Particle size (µm)  Crystallite size (nm) 
0 --- 300 ± 50 
0.5 80 ± 40 91 ± 30 
1.5 30 ± 15 90 ± 20 
7 35 ± 10 130 ± 30 
14 --- 109 ± 40 
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Easton et al. [109] report the milled LiAlH4 has lower decomposition temperature than 
as-received LiAlH4. The reaction temperature of 1.15 was reduced by 18 K while the 
reaction temperature of 1.16 was decreased by 7 K. Similarly, Ares and Resan et al. [96, 
110] find the milled LiAlH4 exhibits apparently lower dehydrogenation temperature than 
as-received LiAlH4. Furthermore, Balema et al. [111] observe the direct decomposition of 
LiAlH4 into Li3AlH6, Al and H2 after 110 hours’ ball-milling.  
 
(B) The heating rate 
 
When the dehydrogenation process of LiAlH4 is introduced in (2-1) of this section, the 
effect of heating rate on the thermal decomposition behavior of LiAlH4 has been 
discussed. Except for leading to different decomposition procedures (4 steps or 3 steps), 
the heating rate also influences the dehydrogenation temperature. Ares et al. [96] find that 
both decomposition reactions 1.15 and 1.16 shifts to lower temperature when the heating 
rate is decreased. In contrast, the melting temperature is not affected by the heating rate. 
Similar results are reported by Easton et al. [109]. They use 2 mol% TiCl3-doped LiAlH4 
as experiment subject, building the relationship between the decomposition temperature 
and the heating rate in table 1.8. It is worth noting that when the heating rate decreases to 
0.015 K/min, the temperature of reaction 1.15 is reduced to room temperature (29
o
C).  
 
Table 1.8: The relationship of the decomposition temperature and the heating 
rate for TiCl3-doped LiAlH4 ([109]) 
 
Heating rate 
(K/min) 
Temperature of reaction 1.15 
(
o
C) 
Temperature of reaction 1.16 
(
o
C) 
1.3 67 97 
0.11 37 77 
0.015 29 54 
 
 
(C) The dopants 
 
Compared with particle size and heating rate, the dopants have much larger influence on 
the dehydrogenation of LiAlH4. Adding proper dopants to LiAlH4 can noticeably reduce 
the dehydrogenation temperature of LiAlH4, improve its kinetics or promote its 
reversibility when the hydrogenation of LiAlH4 is performed with the help of organic 
solvent. Therefore, studying the effect of dopants on the dehydrogenation of LiAlH4 is 
one of the key points in this thesis. At present, dozens of dopants have been frequently 
investigated. Among them transition metal (TM) chlorides, especially titanium chlorides, 
are considered as the most effective type. More details about the dopants will be 
discussed later in part (3).   
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(3) The dehydrogenation properties of doped LiAlH4 
 
(3-1) The types of dopants 
 
The effect of various dopants has been studied in recent years. The frequently used 
dopants can be classified as five types:  
 
a) Metals such as Ni [110, 112-114], Fe [110, 115], Ti [113], V [110];  
b) Metal oxides, metal hydrides and metal nitrides, like Ti2O [116], TiH2 [110] and 
TiN [117]; 
c) Carbon containing materials such as TiC [118], carbon black [110], and carbon 
nanofibres [119]; 
d) Intermetallics like TixAly [115, 120-121], Al22Fe3Ti8 [115], Al3Fe [115]; 
e) Metal chlorides or other metal halides like TiCl4 [110, 115, 122], ZrCl4 [123-124], 
HfCl4 [124], TiCl3 [87-89, 97, 109-110, 123], TiCl3·1/3AlCl3 [1, 12], VCl3 [123, 
125], AlCl3 [110, 125], FeCl3 [110], LaCl3 [113], NiCl2 [123, 126], ZnCl2 [123], 
MnCl2 [127], VBr3 [125], NbF5 [128], and TiF3 [85].  
 
(3-2) The effect of dopants on the dehydrogenation of LiAlH4 
 
According to Dymova et al.’s report, the standard Gibbs free energy of reaction 1.15 is 
negative (∆Go298K = -27.6 kJ/mol), that means the transformation of LiAlH4 into Li3AlH6, 
Al and H2 is spontaneous at room temperature [95]. However, the pure LiAlH4 seems 
stable at room temperature in practical application. Balema et al. [111] point out the 
stability of LiAlH4 at room temperature is restricted by kinetics of the solid-state 
transformation process in LiAlH4 rather than by thermodynamics. They think it is  
 
Table 1.9: The comparison of decomposition temperatures between pure LiAlH4 
and doped LiAlH4 
 
Decomposition temperature 
of pure LiAlH4 
Decomposition temperature 
of doped LiAlH4 Dopant Reference 
reaction 1.15 
(
o
C) 
reaction 1.16 
(
o
C) 
reaction 1.15  
(
o
C) 
reaction 1.16  
(
o
C) 
160 --- 100 --- 
2 mol% 
TiCl3·1/3AlCl3 
[84] 
150 189 60 --- 5 wt.% TiO2 [116] 
135 185 110 ~ 170 5 mol% AlCl3 [125] 
158 187 --- 94 2 mol% TiCl3 [109] 
148 176 125 170 5 mol% LaCl3 [113] 
148 176 135 175 5 mol% Ti [113] 
135 160 106 135 6 mol% NiCl2 [126] 
~ 150 180 < 100 125 2 mol% TiC [118] 
142 173 98 144 1 mol% NbF5 [128] 
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generally possible to decompose LiAlH4 at low temperature if kinetic restrictions are 
eliminated by an appropriate catalyst. This viewpoint is supported by recent 
investigations. Table 1.9 displays the comparison of the decomposition temperatures 
between pure LiAlH4 and doped LiAlH4 from recent literatures. Apparently the doped 
LiAlH4 have lower dehydrogenation temperature than pure LiAlH4 due to the improved 
kinetics. Owing to the reduced reaction temperature of 1.15, most doped LiAlH4 will 
decompose before melting.  
The active role of dopant is also proved by the dehydrogenation kinetics study of LiAlH4. 
Ismail et al. [116] calculate the apparent activation energy (EA) of hydride decomposition 
from the Arrhenius equation. They find the EA of 5 wt.% Ti2O-doped LiAlH4 is 49 
kJ/mol, whereas the EA of as-received LiAlH4 is 114 kJ/mol. The EA of 2 mol% 
TiCl3·1/3AlCl3 doped LiAlH4 measured by Chen et al. [84] and the EA of 5 wt. % nano-
Ni doped LiAlH4 measured by Varin et al. [127] are respectively 42.6 kJ/mol and about 
70 kJ/mol. Both are much lower than the EA of pure LiAlH4 reported by Ismail. However, 
Andreasen’s results [37] give different views. He finds the difference of EA between 
undoped LiAlH4 and Ti-doped LiAlH4 samples are within experimental uncertainty. Thus, 
he thinks the effect of Ti-doping on the kinetics of dehydrogenation of LiAlH4 is mainly 
a prefactor effect instead of the EA. 
 
(3-3) How do dopants work? 
 
Although the effect of many dopants on improving the dehydrogenation kinetics of 
LiAlH4 is confirmed, their working mechanism is still ambiguous and controversial. 
Taking Ti-doped LiAlH4 as an example, Chen et al. [84] proposed a mode exhibited in 
Figure 1.12. Their analysis suggests the formation of a microstructure composite with a 
Ti
0
/Ti
2+
/Ti
3+ 
defect sites results in the improvement of dehydriding kinetics. The process 
is explained by Chen et al. in this way: During the doping process, the Ti
3+ 
from the 
dopant TiCl3·1/3AlCl3 is reduced by LiAlH4 and produces the reduced Ti
0
 and Al phases. 
Defect site containing Ti
0
, Ti
2+
, and Ti
3+
 with electron attacking capability induces the 
activation for the dehydriding reaction. After isolating unstable AlH3 [129-130], LiAlH4 
is transformed into Li3AlH6 via the diffusion of Al and H2.    
 
                TiCl4 + 4 LiAlH4             Ti + 4 LiCl + 4 Al + 8 H2                                      (1.20) 
 
                Ti + 4 Al             Al3Ti + Al                                                                           (1.21) 
 
                TiCl4 + 4 LiAlH4      
T =
 
-110  C       Ti(AlH4)4 + 4LiX                                      (1.22) 
 
                Ti(AlH4)4   
T > - 80  C      TiH2 + 4 Al + 7 H2                                                     (1.23) 
 
                2 LiAlH4    
Al3Ti-TiHx      2 LiH + 2 Al + 3 H2                                                   (1.24) 
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Figure 1.12: A tentative model of the dehydriding/rehydriding reactions catalyzed 
by the Ti
0
/Ti
2+
/Ti
3+
 defect site. ([84]) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.13: A possible scenario of solid state transformations in an TiRn-doped 
alkali metal aluminohydride (R = Cl, Br, OC4H9; n = 3,4; M = Li, 
Na). ([93]) 
 
Balema et al. [93] propose another hypothesis shown in Figure 1.13. They think the Ti-
catalyzed transformation of LiAlH4 begins with interactions between the dopants and 
LiAlH4 (see reaction 1.20 to 1.23). These reactions produce an Al3Ti alloy containing a 
catalytic hydride phase TiHx (It is reported that the nano-crystalline Al3Ti-TiH2 forms 
during ball-milling of Al and Ti powders in hydrogen. The presence of TiH2 phase at the 
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boundaries of Al3Ti grains is observed by transmission electron spectroscopy. [131]). It is 
the catalytic phase that promotes solid state transformations of LiAlH4 into LiH, Al, and 
H2 (see reaction 1.24).  
 
 
1.3 The content and scope of this thesis 
 
Up to now, the dehydrogenation properties of LiAlH4 have been intensively investigated. 
Some of the common problems in former studies can be concluded as below:  
 
a) Many effective dopants for improving the dehydrogenation properties of LiAlH4 
have been reported in literatures. However, the dehydrogenation tests of doped 
LiAlH4 are often carried out either in vacuum or in argon atmosphere, which is 
much different from realistic operation conditions where a hydride reservoir 
should provide hydrogen at elevated H2 pressures.   
b) Ball-milling is the most common doping method for hydrogen storage used 
LiAlH4. However, the effective dopants often induce the decomposition of 
LiAlH4 during the ball-milling process. As a result, the hydrogen storage capacity 
available for later use is considerably reduced for these doped LiAlH4. 
c) The storage of materials is an unavoidable problem in practical application. There 
are rare reports about the storability test of doped LiAlH4 (only storability tests of 
undoped and MnCl2-doped LiAlH4 at room temperature or above room 
temperature). 
 
In order to solve above problems, the goal and main scope of this thesis are listed below: 
 
a) Comparatively study the doped LiAlH4 samples in a systematical way. Perform 
dehydrogenation tests at 80
o
C and the hydrogen back-pressure of 1 bar, which is 
similar to the practical application of PEM fuel cell systems. 
b) Use different doping methods to prepare doped LiAlH4 samples with good 
combination properties, including high usable H2-storage capacity, low 
decomposition temperature and good dehydrogenation kinetics. 
c) Carry out the storage tests to measure the shelf life of doped LiAlH4 samples at 
different temperature (room temperature and refrigerator temperature). 
 
In view of the discussion before, LiAlH4 as single-use hydrogen storage material is 
selected as the research subject of this thesis. Since TM chlorides, especially titanium 
chlorides are recognized as the most effective dopants for LiAlH4, four important TM 
chlorides will be used in this thesis. The main structure is as below: 
 
In chapter 2, materials and experimental methods are introduced. As-received LiAlH4 
powders are pre-milled and divided into two groups for later doping process (in 
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chapter 3 and chapter 4). The dopants of group 1 are three powdery TM chlorides 
(NiCl2, TiCl3, ZrCl4); the dopant of group 2 is liquid TiCl4.  
In chapter 3, the effect of three powdery dopants (NiCl2, TiCl3, ZrCl4) on improving 
the dehydrogenation of LiAlH4 powder samples are discussed. Three different doping 
methods are compared. 
The effect of doping methods and dopants’ concentration on TiCl4 doped LiAlH4 
powder samples are studied in chapter 4. 
In chapter 5, the pelletization of TM-doped LiAlH4 is studied for improved hydrogen 
volumetric capacity compared to powdery LiAlH4. Dehydrogenation tests are 
performed under simulated working conditions of PEM fuel cell system.    
     Finally, conclusions are drawn in chapter 6. Based on the results of this thesis, some 
recommendations for future work will be given.       
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2. Materials and experimental methods 
 
 
 
This chapter will introduce the process of powder preparation and sample analysis. As-
received LiAlH4 powder is pre-milled and doped with TM chlorides by three low-energy-
input methods. Depending on the state of the dopants (solid or liquid), the doping of 
LiAlH4 is classified in to two groups. For each group, a general view of the doping 
process is given in this chapter and the details will be discussed in chapter 3 and chapter 
4 respectively.      
  
2.1 Starting materials 
 
The information of raw materials referred in this thesis is listed in table 2.1. Lithium 
aluminum hydride (LiAlH4) powder, purchased from Alfa-Aesar with the purity of 99%, 
is the main raw material used in the preparation of improved LiAlH4 samples. Four 
transition metal (TM) chlorides are used as the raw materials of dopants, including 
Nickel (II) chloride hexahydrate (NiCl2·6H2O), Titanium (III) chloride (TiCl3), 
Zirconium (IV) chloride (ZrCl4) and Titanium (IV) chloride (TiCl4). At room temperature, 
TiCl4 is a colorless liquid, whereas the others are all in the solid state. NiCl2·6H2O 
obtained from VWR is a green crystalline powder. As-received TiCl3 is a dark purple 
crystalline powder. As-received ZrCl4 is a white powder. Since the state of dopants 
greatly influences the doping process, the preparation of the improved LiAlH4 samples 
will be introduced in two groups: (1) Solid TM powders-doped LiAlH4 samples (in 
section 3.2); (2) Liquid TiCl4-doped LiAlH4 samples (in section 4.2).  
 
Table 2.1:                  Information of starting materials 
Raw materials Company Purity Density 
(g/cm
3
) 
Remark 
LiAlH4 Alfa-Aesar 99% 0.917 powder 
NiCl2·6H2O VWR ≥ 98% not available powder, dehydrated later       
TiCl3 Sigma-Aldrich ≥ 98.5% not available powder 
ZrCl4 Alfa-Aesar 98% 2.803 
powder, impurity: 
1-2%HfCl4 
TiCl4 Sigma-Aldrich 99.9% 1.73 liquid 
ethyl ether (Et2O) VWR 99.9% 0.71 liquid 
 
Before doping, as-received NiCl2·6H2O is dehydrated in a vacuum oven for three hours 
at constant 250°C. The color of NiCl2.6H2O changes from green to yellow, indicating the 
formation of anhydrous NiCl2. In addition, dehydrated ethyl ether (Et2O) is used as 
solvent for the preparation of doped LiAlH4.  
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2.2 Pre-milling of LiAlH4 
 
In order to promote the contact of LiAlH4 with various dopants and obtain the doped 
LiAlH4 powder with enhanced reactivity, pre-milling of LiAlH4 was performed prior to 
doping. The as-received LiAlH4 was ball-milled under argon (< 2 ppm O2, < 3 ppm H2O) 
for 30 min in a planetary mill ‘Fritsch P6’ (Fig. 2.1 (a)) using a steel bowl and 10 mm 
steel balls (Fig. 2.1 (b)) with a ball-to-powder weight ratio of 20:1 and a rotation speed of 
300 rpm. The milling schedule for pre-milling of LiAlH4 is schematically shown in Fig. 
2.2. During ball milling, the temperature of inner wall of the milling bowl increase due to  
 
               
 
Figure 2.1:   (a) Planetary mill ‘Fritsch P6’, (b) the steel milling bowl and balls 
 
 
                                                                                        
               
 
Figure 2.2:   The milling schedule of pre-milled LiAlH4 
 
the impact of grinding balls [132]. To avoid a rapid heating of the bowl, a break time of 5 
minutes for cooling is set after 5 minutes’ ball milling. Furthermore, the sample 
preparation was carried out in a glovebox ‘MBraun’ (Fig. 2.3) under argon to prevent 
unwanted oxidation (< 2 ppm O2, < 3 ppm H2O).  
0 5 10 15 20 25 55 50 45 40 35 30 t/min 
  speed/rpm 
300 
  -300 
 
(b) 
(a) 
ti e/min 
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2.3 Powder preparation 
 
Depending on different states of dopants (i.e. solid state vs. liquid state), the powder 
preparation of doped LiAlH4 is classified into two groups. For each group, three low-
energy-input doping methods are adopted and compared to obtain the samples with 
optimum dehydrogenation properties (fast dehydrogenation kinetics and high hydrogen 
storage capacity). Fig. 2.4 gives a general scheme of the powder preparation. For 
convenience, more details about the doping process are arranged in section 3.2 and 4.2. 
 
 
 
Figure 2.3:   Powder preparation inside a glovebox ‘MBraun’ with argon atmosphere  
                         
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
                         (a) Group 1                                                              (b) Group 2 
 
Figure 2.4:   Flow sheet of powder preparation 
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In group 1, pre-milled LiAlH4 powder is doped with powdery TM chlorides (NiCl2, TiCl2, 
ZrCl4) respectively. The molar ratio of LiAlH4 and dopants are 100:2 for all the samples. 
For each dopant, three different doping methods are chosen due to their low-energy input 
compared with conventional high-energy ball milling.  
In group 2, pre-milled LiAlH4 powder is doped with liquid TiCl4. The molar ratio of 
LiAlH4 and TiCl4 is from 100:0.1 to 100:2. Similarly, three low-energy-input methods are 
employed in the doping process. However, the manual grinding used for sample 
preparation of group 1 is replaced by magnetic stirring in a flask because TiCl4 is volatile 
during the grinding process. Thus it has to be managed in sealed containers like tightly 
closed milling bowl or sealed flask. 
 
 
 
2.4 Analysis techniques 
 
After doping, the prepared LiAlH4 powders were tested as illustrated in Fig. 2.5. The 
crystal phases and microstructure of prepared powder samples are characterized by X-ray 
diffraction and scanning electron microscopy. The positive effect of the dopants on 
promoting the dehydrogenation of LiAlH4 is studied through thermogravimetric analysis. 
In view of storability, the weight change of doped LiAlH4 samples was monitored at 
room temperature (20-24
o
C) and refrigerator temperature (2-6
o
C) up to ten months.   
 
 
 
 
     
                                                  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5:   Flow sheet of sample analysis 
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2.4.1 Phase and crystal structure analysis by XRD 
 
X-ray diffraction (XRD) is performed on a Bruker D8 Advance diffractometer using Cu-
Kα1 radiation at a tube voltage of 40 kV and a tube current of 40 mA. The scanning range 
of the diffraction angle (2θ) is from 10° to 100°. The powder samples for XRD test are 
prepared in argon glovebox and covered with a Kapton® foil to prevent any unwanted 
oxidation during analysis (see Fig. 2.6).  
                       
 
 
 
 
 
 
 
 
 
  
 
 
 
 
Figure 2.6:   Powder samples sent for XRD analysis 
 
Rietveld refinement of the X-ray diffraction patterns is performed using the TOPAS 
software (version 4.2). The fundamental parameter approach was used as reflection 
profiles. Preferred orientations of the crystallites were described using spherical 
harmonics functions. 
 
2.4.2 Microscopy analysis by SEM 
 
The morphology of the powder has been analyzed in an EVO 50 ZEISS Scanning 
Electron Microscope (SEM) using a second electron (SE) detector and a back-scattered 
electron (BSE) detector. The working voltage is 15.00 kV, the working distance is 7.5 
mm, and the magnification of the image is 1000×. 
 
2.4.3 Dehydrogenation kinetics by thermogravimetry 
 
Thermogravimetric analysis (TGA) to determine the dehydrogenation kinetics is carried 
out in a magnetic suspension balance (Rubotherm MSB) with a precision of 10 µg at a H2 
back-pressure of 0.1 MPa to 0.4 MPa (hydrogen purity: 99.9999%). The mass of each 
tested sample is about 250 mg. The applied heating rate is 1 K/min. Fig. 2.7 displays the 
image of the MSB. The left part is the testing chamber and on top of it is the magnetic 
Sample container 
Kapton® foil 
Rubber band 
Powdery sample 
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suspension balance. On the right, there is a control panel showing the weight difference, 
the temperature, the pressure and the gas input during the testing process. 
 
 
 
 
Figure 2.7:   Magnetic suspension balance (Rubotherm) 
 
 
               
 
Figure 2.8:   The MSB testing chamber (a) and the sample container (b)  
 
Fig. 2.8 displays an image of the sample container above testing chamber (see Fig. 2.8 
(a)). The prepared LiAlH4 samples are put into the steel container (see Fig. 2.8 (b)) and 
sealed inside the testing chamber to reach the requested temperature and pressure. The 
small weight variation induced by dehydrogenation can be tested and used for the 
calculation of hydrogen release. It is worth emphasizing that the transfer of the sample 
(a) 
(b) 
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container should be performed under the protection of argon all the time to avoid 
unwanted oxidation. Only after the sample container is placed inside the testing chamber, 
which is filled with argon, the lid of the sample container can be removed. 
 
2.4.4 Mid-term storage  
 
The freshly doped LiAlH4 samples have been kept in gas-tight vials (6 ml, Fig. 2.9 (a)) 
for up to 70 days for mid-term storage tests. The tested samples are divided into two 
groups: one group is stored in argon glove box at room temperature (20-24°C), the other 
group is stored in a normal refrigerator at a lower temperature (2-6°C) for comparison. 
To prevent the samples in normal refrigerator from oxidation, all of them are placed in 
the three-layered bottles filled with argon (Fig. 2.9 (b)).     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9: Glass bottles for mid-term storage test (a) and three layered bottles 
stored in refrigerator (b) 
 
After a series of tests in Fig. 2.5, the crystal structure, morphology and dehydrogenation 
properties of the TM-doped LiAlH4 powders will be studied in chapter 3 (samples in 
group 1) and chapter 4 (samples in group 2) respectively. In addition, the effect of doping 
methods on the dehydrogenation properties of LiAlH4 will be compared. 
 
 
 
 
 
 
 
 
(a) 
   (b) 
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3. Powdery TM chloride-doped LiAlH4  
 
 
 
3.1 Overview 
 
As discussed in section 1.2.5, the effect of various dopants is improving the kinetics of 
the decomposition reactions of LiAlH4 (reaction 1.15 and 1.16), subsequently inducing 
lower dehydrogenation temperature and better dehydrogenation rates of LiAlH4 powder. 
Among the frequently investigated dopants, TM chlorides are attractively efficient. Some 
important results of TM chloride-doped LiAlH4 are listed in table 3.1.          
 
Table 3.1: Dehydrogenation properties of TM chloride-doped LiAlH4 powders 
 
dopant 
atmosphere dehydrogenation heating  
rate 
max. 
temp. 
Ref. 
gas pressure H2 released 
(wt.%) 
onset temp. 
(°C) 
(K/min) (
o
C) 
(Pa)   
5 wt.% TiCl3 
Ar not mentioned 
~ 0.3 
not 
mentioned 
2 327 [123] 
5 wt.% ZrCl4 ~ 1.1 
5 wt.% VCl3 ~ 2.7 
5 wt.% NiCl2 ~ 6.4 
5 wt.% ZnCl2 ~ 7.5 
5 mol% AlCl3 
vacuum 0.1 
~ 7.5 
~ 110 8 250 [125] 5 mol% VBr3 ~ 5.3 
5 mol% VCl3 ~ 3.0 
2 mol% TiCl4 
Ar 10
5
 
~ 1.3 
>100 3 450 [110] 
2 mol% TiCl3 ~ 1.5 
2 mol% AlCl3 ~ 4.6 
2 mol% FeCl3 ~ 2.6 
2 mol%  
(TiCl3·1/3 AlCl3) 
Ar not mentioned ~ 5.4 ~ 100 2 250 [84] 
4 mol% ZrCl4 
not mentioned 
~ 6 
~ 100 7 150 [124] 
4 mol% HfCl4 ~ 6 
2 mol% TiCl3 vacuum not mentioned ~ 2.0 ~ 50 1.3 250 [109] 
2 mol% NiCl2 vacuum not mentioned ~ 6.4 ~ 85 0.3 170 [126] 
5 mol% LaCl3 vacuum not mentioned ~ 5.5 ~ 125 2 250 [113] 
5 wt.% MnCl2 H2 10
5
 ~ 4.6 --- --- 100 [127] 
 
In this chapter, three powdery TM chlorides (NiCl2, TiCl3, ZrCl4)-doped LiAlH4 powders 
(group 1, see section 2.3) are prepared by three different methods. Their crystal structure 
and micro-morphology are characterized by XRD and SEM respectively. The positive 
effects of the dopants and the doping methods on promoting the dehydrogenation of 
LiAlH4 are systematically studied by thermal analysis. Compared with the samples in 
table 3.1, the highlights of this thesis are listed as below:     
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Table 3.2:                      Powder preparation of group 1 
No. of  
samples 
Main material dopant Molar ratio 
(LiAlH4:dopand) 
Doping method 
a# As-rec. LiAlH4 --- without dopand --- 
b#  
 
 
 
Pre-milled  
LiAlH4 
--- without dopand --- 
1# NiCl2  
 
100:2 
 
Ball-milling 2# TiCl3 
3# ZrCl4 
4# NiCl2  
Manual grinding 5# TiCl3 
6# ZrCl4 
c# --- without dopand  
Magnetic stirring in Et2O 
and then evacuating 
7# NiCl2  
100:2 8# TiCl3 
9# ZrCl4 
 
1. The effect of doping methods (ball-milling with low rotation speed, manual 
grinding and magnetic stirring in Et2O) on the dehydrogenation properties of the 
TM-doped LiAlH4 powders are compared for the first time.       
2. The dehydrogenation kinetics of TM-doped LiAlH4 powders is studied 
systematically at 80
o
C and 1 bar, which is close to practical working conditions of 
PEM fuel cells.   
3. The storability of the TM-doped LiAlH4 powders at practical conditions 
(atmosphere pressure, room temperature and refrigerator temperature (2-6°C)) is 
studied.            
 
 
3.2 Doping process 
 
The selection of doping method for LiAlH4 powder is restricted by the dopants (e.g. solid 
state or liquid state). Thus, the procedure of doping LiAlH4 with powdery TM chlorides 
is not the same as doping LiAlH4 with liquid TiCl4. To avoid confusion, a general look of 
the doping process is given in the powder preparation (see section 2.3) while details are 
respectively arranged in chapter 3 and chapter 4. In this section, the doping methods of 
NiCl2, TiCl3 and ZrCl4 will be introduced.                          
The LiAlH4 samples doped with powdery TM chlorides (NiCl2, TiCl3 and ZrCl4) are 
classified into group 1 in section 2.3. It has been mentioned before that the effective 
dopants often induce the decomposition of LiAlH4 already during the high-energy ball-
milling process. As a result, the hydrogen storage capacity available for later use is 
considerably reduced for suchlike doped LiAlH4. To resolve this problem, three doping 
methods with lower energy input are selected in this chapter: (1) ball-milling at low 
rotation speed; (2) manual grinding; (3) magnetic stirring in Et2O and evacuating. Table 
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3.2 lists the information of samples in group 1. The samples are divided into three 
subgroups depending on the doping methods. In order to compare the effect of the doping 
methods on the dehydrogenation properties of doped LiAlH4, the molar proportion of the 
raw materials for each method is the same. 
 
(1) Low-energy ball-milling 
 
Ball-milling is one of the most common methods for the preparation of hydrogen storage 
alanates. This method can provide a large range of energy input depending on different 
rotation speeds. To avoid the decomposition of the doped LiAlH4 during ball-milling, a 
low rotation speed (100 rpm) is adopted for doping in this section.  
Similar to pre-milling, the doping method of ball-milling is performed in a planetary mill 
‘Fritsch P61’ using steel bowl and 10 mm steel balls (Fig. 2.1). First, the pre-milled 
LiAlH4 and the solid TM chloride dopant (NiCl2/TiCl3/ZrCl4) are homogeneously mixed 
in a crucible by lab spoon. Then the mixed powder is removed into the steel bowl and 
loaded on Fritsch P6 for ball-milling. The parameters of ball-milling are listed in Table 
3.3. The whole process of sample preparation is performed in an argon atmosphere.   
 
Table 3.3:           The parameters of low-speed ball-milling 
No. Main 
material 
Dopant Milling speed 
/rpm 
Ball to powder 
ratio 
Effective milling time 
/min 
1# Pre-milled 
LiAlH4 
NiCl2  
100 
 
20:1 
 
30 2# TiCl3 
3# ZrCl4 
 
       
 
Figure 3.1:   The milling schedule of ball-milling at low rotation speed 
 
A milling schedule is illustrated in Fig. 3.1. The whole milling time is 60 minutes, 
including 30 minutes for ball-milling and 30 minutes for break. To avoid the 
decomposition of doped LiAlH4 induced by the temperature increase during the milling 
process [132], the planetary mill will have a short break of five minutes after every five 
minutes of ball-milling. Then milling starts again with an opposite rotation direction.     
                                                        
1
 The maximum power consumption of Fritsch P6 is approx. 1 kW. The estimated power consumption of 
ball-milling is approx. 170 W when the rotation speed is 100 rpm [133]. 
0 5 10 15 20 25 55 50 45 40 35 30 t/min 
  speed/rpm 
100 
  -100 
time/min 
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(2) Manual grinding 
 
The first step of manual grinding is homogeneously mixing pre-milled LiAlH4 with TM 
chloride dopant (NiCl2/TiCl3/ZrCl4) by lab spoon in a crucible. Then the mixture is 
removed to a mortar and ground by a pestle for 10 minutes with an average rotation 
speed of 65 rpm. During the grinding process, the color of the mixed powders changes 
from light grey to deep grey. The whole doping process is performed in glovebox 
(MBraun, Fig. 2.3) under argon atmosphere (< 2 ppm O2, < 3 ppm H2O). Compared to 
ball-milling at low rotation speed, manual grinding is estimated to input less power (< 10 
w) and consume less time. However, the energy input of manual grinding is not as 
uniform as that of ball-milling due to human-related factors.                         
 
(3) Magnetic stirring in Et2O  
 
The third doping method is magnetically stirring LiAlH4 and the TM chloride dopant 
(NiCl2/TiCl3/ZrCl4) in Et2O. Table 3.4 lists the solubility of LiAlH4 and its dopants in 
Et2O at room temperature. The addition of Et2O as solvent is expected to improve the 
homogeneous mixture of the dopants and LiAlH4 powders, thus, leading to the 
homogeneous doping. The whole doping process is performed under argon atmosphere 
and at 0°C kept by an ice-water mixture. Compared with the ambient temperature, the 
lower temperature can effectively prevent the decomposition of LiAlH4 during the 
doping process. The detailed operation process can be concluded as four steps (illustrated 
in Fig. 3.2). 
 
 
                           
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2:   The flow sheet of magnetic stirring in Et2O 
 
Mixing pre-milled LiAlH4  +  Et2O  
+2 mol% TM chloride dopant (NiCl2/TiCl3/ZrCl4) 
Magnetic stirring for 10 min (1000 rpm) 
  
Evacuating for 90 min to remove Et2O  
  
Remove the doped LiAlH4 powders  
(i.e. the residual powders in the flask)  
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Table 3.4: The solubility of LiAlH4 and the dopants in Et2O at room 
 temperature [134-135] 
 
 LiAlH4 NiCl2 TiCl3 ZrCl4 
Solubility (g/100 ml) 20.2 soluble (no data) insoluble 0.4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3:   The system for magnetic stirring in Et2O 
 
Firstly, the raw materials, including pre-milled LiAlH4 and 2 mol% powdery TM 
chloride dopant (NiCl2/TiCl3/ZrCl4), are homogeneously mixed in a crucible. Then the 
prepared mixture and a small amount of dehydrated Et2O are removed into a flask (see 
Fig. 3.3), stirred for 10 min by magnetic stirrer with a speed of 1000 rpm.        
Secondly, the mixed suspension is evacuated for 90 min to remove the Et2O. The dried 
powders are collected as the final sample. It should be emphasized that the temperature 
‘0°C’ kept via ice-water environment is important to prevent the decomposition of doped-
LiAlH4 during the evacuating process. 
 
 
 
3.3 Results and analysis 
A series of tests are introduced in chapter 2 for studying the crystal structure, 
morphology and dehydrogenation properties of powdery TM-doped LiAlH4 powders. 
The results of these tests will be analyzed and discussed in the following text. 
 
Chapter 3 Powdery TM chloride-doped LiAlH4 
 
36 
 
3.3.1 X-ray diffractogram 
 
In this section, the X-ray diffractograms of freshly doped LiAlH4 powders are analyzed 
to study the crystal structure and phase composition of the samples. Moreover, the phase 
transformation of doped LiAlH4 powders is investigated through the X-ray 
diffractograms of the dehydrogenated samples. 
 
(1) X-ray diffractogram of raw materials and pre-milled LiAlH4 
 
Fig. 3.4 shows the X-ray diffractogram of various raw materials used in the preparation 
of doped LiAlH4. The analysis of X-ray diffractogram of as-received LiAlH4 (Fig. 3.4(a)) 
indicates the main phase of as-received LiAlH4 powder is LiAlH4. However, a small  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (a) 
(b) 
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Figure 3.4:   X-ray diffractogram of raw materials 
(a) as-received LiAlH4 (b) dehydrated NiCl2 (c) as-received TiCl3 (d) as-received ZrCl4 
 
amount of LiCl phase has been observed. It may result from the production process. 
Furthermore, a weak unidentified peak is detected at about 33
o
. In the X-ray 
diffractogram of dehydrated NiCl2 powder (Fig. 3.4(b)), not any sharp peek has been 
found, hinting at the damage of crystal structure of NiCl2 during the dehydration process. 
Therefore, the dehydrated NiCl2 used for doping is X-ray amorphous or nano-crystalline. 
In the X-ray diffractogram of as-received TiCl3 powder (Fig. 3.4(c)), only the TiCl3 phase 
is detected. In the X-ray diffractogram of as-received ZrCl4 powder (Fig. 3.4(d)), both 
   (c) 
   (d) 
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ZrCl4 and HfCl4 phases have been observed. Several weak peeks from HfCl4 has been 
detected, demonstrating the as-received ZrCl4 powder contains a small amount of HfCl4, 
which is consistent with the information given by the manufacturer (the powder consist 
of 98% ZrCl4 and 1-2%HfCl4, see table 2.1).    
                  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5:   XRD comparison of as-received LiAlH4 and pre-milled LiAlH4   
 
Fig. 3.5 compares the X-ray diffractogram of as-received LiAlH4 powder with pre-milled 
LiAlH4. The results are nearly the same, indicating no decomposition takes place during 
the 30 minutes’ pre-milling process. Or only an ignorable amount of LiAlH4 decomposes, 
which cannot be detected. These desirable results indicate the unwanted dehydrogenation 
of LiAlH4 is avoided during the pre-milling process, which is necessary for subsequent 
doping process
2
. It should be noticed that the unidentified peak at about 33
o
 in the X-ray 
diffractogram of as-received LiAlH4 (shown by the red question mark in Fig. 3.5) 
disappears after pre-milling, indicating the phase corresponding to this peak decomposed 
during the pre-milling process. 
 
(2) X-ray diffractogram of freshly doped LiAlH4 powders  
 
To analyze the crystal structures and phase composition of the nine doped LiAlH4 
samples in group 1 (see table 3.2), the X-ray diffractogram of freshly prepared samples 
                                                        
2
 The unwanted decomposition of LiAlH4 often occurs during the ball-milling process, especially when LiAlH4 is 
mixed with effective TM chlorides, which decreases the amount of hydrogen release for later use [110, 122-123, 125]. 
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Figure 3.6:   XRD comparison of TM chloride-doped LiAlH4 prepared by ball-milling 
 
are obtained and carefully studied. Fig. 3.6 gives the X-ray diffractogram of TM 
chlorides powders-doped LiAlH4 samples prepared by ball-milling (1#-3#). The main 
phase of the NiCl2-doped LiAlH4 (1#) is LiAlH4 and no NiCl2 peak has been found. 
Furthermore, some peaks belonging to LiCl have been detected. The result is similar to 
the X-ray diffractogram of pre-milled LiAlH4 (Fig. 3.5 (b)). Except for the peaks from 
LiAlH4 and LiCl, TiCl3 peaks have been observed in the X-ray diffractogram of TiCl3-
doped LiAlH4 (2#). It demonstrates that after the low-energy ball-milling, TiCl3 and 
LiAlH4 coexist in the freshly prepared powder sample. In the X-ray diffractogram of 
ZrCl4-doped LiAlH4 (3#), the situation is similar. Except for LiAlH4 and LiCl, the peaks 
from ZrCl4 have been clearly observed. It should be noticed here, no Li3AlH6 or Al 
phases have been found in the X-ray diffractogram of all the three samples, indicating no 
decomposition occurs during the doping process or only an ignorable amount of LiAlH4 
decomposes, which cannot be detected.     
Fig. 3.7 shows the X-ray diffractogram of TM chlorides powders-doped LiAlH4 samples 
prepared by manual grinding (4#-6#). The results of the three samples are nearly the 
same as the three prepared by ball-milling and analyzed in last paragraph. The X-ray 
diffractogram of NiCl2-doped LiAlH4 (4#) shows only the characteristic peaks of LiAlH4 
and LiCl, but no NiCl2 peaks. The peaks of TiCl3 and ZrCl4 can be easily found in the X-
ray diffractogram of TiCl3-doped LiAlH4 (5#) and ZrCl4-doped LiAlH4 (6#), which 
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indicates the dopants do not completely react with LiAlH4 under the applied grinding 
conditions. However, the possibility of partial reactions between LiAlH4 and dopants 
cannot be excluded because the products of partial reactions may be nano-particles and 
their amount is small. In no case, the formation of Li3AlH6 is detected, which indicates 
the doping process of TM chlorides do not trigger the decomposition of the pre-milled 
LiAlH4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7: XRD comparison of TM chlorides powders-doped LiAlH4 prepared 
by manual grinding 
 
Fig. 3.8 shows the X-ray diffractogram of TM chlorides powders-doped LiAlH4 samples 
prepared in Et2O (7#-9#). The X-ray diffractogram of the NiCl2-doped LiAlH4 (7#) 
include LiAlH4 and LiCl phases. It should be noticed that in the X-ray diffractogram of 
the TiCl3-doped LiAlH4 (8#), Al phase is detected with LiAlH4, TiCl3 and LiCl phases. 
Unlike the TiCl3-doped LiAlH4 samples prepared by ball-milling and manual grinding, 
only one weak TiCl3 peak is detected in sample 8#. This peak locates at about 15
o
 and 
belongs to the strongest peak of TiCl3 (see Fig. 3.5 (c)). In addition, Al peaks have been 
observed in sample 8# whereas Li3AlH6 phase has not been found, which hints the 
detected Al peaks are not from the self-decomposition of LiAlH4 (reaction 1.15). All the 
results indicate a partial reduction of TiCl3 to Ti or TiaAlb phases most likely according to 
reaction 3.1. In the X-ray diffractogram of the ZrCl4-doped LiAlH4 (9#), LiAlH4, LiCl 
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and ZrCl4 phases are observed. But there are only two weak peaks belonging to the ZrCl4 
phase, which is much different from that of the ZrCl4-doped LiAlH4 samples prepared by 
ball-milling and manual grinding. Furthermore, some unidentified weak peaks between 
12
o
 and 15
o
 are observed. The results hint a partial reduction of ZrCl4 by LiAlH4 most 
likely according to reaction 3.2. 
 
        TiCl3 + 3 LiAlH4 → 3 LiCl + TiaAlb + (1-a) Ti + (3-b) Al + 6 H2                          (3.1) 
 
        ZrCl4 + 4 LiAlH4 → 4 LiCl + ZraAlb + (1-a) Zr +(4-b) Al + 8 H2                          (3.2) 
 
        NiCl2 + 2 LiAlH4 → 2 LiCl + NiaAlb + (1-a) Ni + (2-b) Al + 4 H2                        (3.3) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8:   XRD comparison of TM chlorides powders-doped LiAlH4 prepared in Et2O 
 
In summary, except for the NiCl2 phase (can not be detected by XRD), all the dopants of 
group 1 coexist with LiAlH4 after the doping process. However, the possibility of partial 
reactions according to 3.1 to 3.3 cannot be excluded because the products of the partial 
reactions may be nano-particles and their amount is below the detecting limit of XRD. 
Fortunately, the decomposition of LiAlH4 has not been observed from the X-ray 
diffractogram of all the nine samples in group 1. It indicates the unwanted 
dehydrogenation of LiAlH4 during the doping process is avoided or, at least, greatly 
reduced due to the low-energy-input doping methods compared with high energy ball-
milling. 
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Table 3.5:               The space groups used in the refinement 
Phase LiAlH4 LiCl Al TiCl3 ZrCl4 
Space group P121/c1 Fm3m Fm3m R3 P12/c1 
No. 14 225 225 148 13 
 
 
 
   
     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9: X-ray diffractogram of TiCl3-doped LiAlH4 (2#) and Rietveld 
refinement (green curve: experimental X-ray diffractogram, red 
curve: calculated X-ray diffractogram, gray curve: difference) 
 
To further study the microstructure of the doped LiAlH4 samples in group 1, their X-ray 
diffractogram are analyzed by the Rietveld refinement method using Topas 4.2. The 
space groups used in the refinement are given in table 3.5. Fig. 3.9 exhibits an example of 
the Rietveld refinement of the X-ray diffractograms for the doped LiAlH4 samples in 
group 1. All the patterns show a good refinement. However, the crystalline weight 
percentage of the phases is not analyzed here because of the potential errors induced by 
the undetected phases in reaction 3.1 to 3.3.    
The cell volume (CV) and the volume weighted mean of the crystallite size (Lvol) of 
LiAlH4 phases in the samples are listed in table 3.6. The variations of the cell volumes of  
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Table 3.6:               The cell volume and the Lvol of LiAlH4 phases 
No. of  
samples 
Component Doping method CV 
(Å
3
) 
Lvol  
(nm) 
a# As-rec. LiAlH4 --- 278.51 ± 0.009 89 ± 3 
b# 
Pre-milled  
LiAlH4 
--- 278.50 ± 0.007 134 ± 9 
1# LiAlH4 + NiCl2 
Ball-milling 
278.48 ± 0.008 108 ± 6 
2# LiAlH4 + TiCl3 278.25 ± 0.011 110 ± 9 
3# LiAlH4 + ZrCl4 278.27 ± 0.009 109 ± 7 
4# LiAlH4 + NiCl2 
Manual grinding 
277.92 ± 0.007 113 ± 6 
5# LiAlH4 + TiCl3 278.11 ± 0.008 126 ± 8 
6# LiAlH4 + ZrCl4 278.08 ± 0.007 124 ± 7 
7# LiAlH4 + NiCl2 
Magnetic stirring in Et2O 
and then evacuating 
278.45 ± 0.008 97 ± 5 
8# LiAlH4 + TiCl3 277.82 ± 0.009 102 ± 6 
9# LiAlH4 + ZrCl4 278.37 ± 0.008 122 ± 9 
 
LiAlH4 phases are not significant (< 0.3%) after doping. The result indicates the TM 
atoms are unlikely to act as substitutes in the LiAlH4 lattice, which agree with the report 
of Fernandez et al. [125]. The Lvol analysis suggests that the crystallite size of the LiAlH4 
phase greatly increases after pre-milling, which is most likely induced by the temperature 
increase of the pre-milling process (see section 2.2) [132]. Then the crystallite size of 
LiAlH4 decreases after different doing process. The crystallite sizes of samples prepared 
by ball-milling are reduced more than that of samples prepared by manual grinding. 
However, it is difficult to find the regularity of the crystallite sizes changes for all the 
doped LiAlH4 samples.   
 
(3) X-ray diffractogram of doped LiAlH4 powders during the dehydrogenation process 
 
In the previous paragraphs, the X-ray diffractogram of LiAlH4 doped with TM chlorides 
powders prepared by three different doping methods are exhibited and analyzed. The X-
ray diffractogram of the nine samples are all obtained immediately after preparation to 
avoid the changes caused by the decomposition of LiAlH4. To further study the 
decomposition process of the doped LiAlH4, more experiments are designed to obtain the 
X-ray diffractogram of the doped LiAlH4 samples before and after their complete 
decomposition. Taking TiCl3-doped LiAlH4 as an example, Fig. 3.10 compares the X-ray 
diffractogram of the TiCl3-doped LiAlH4 at two different stages: (a) After its 
dehydrogenation at 80°C for 700 minutes (H2 back-pressure of 1 bar); (b) After its 
dehydrogenation at 240°C for 80 minutes (H2 back-pressure of 1 bar). According to 
reaction 1.15, LiAlH4 phase will first decompose into Li3AlH6, Al and H2. In Fig. 3.10 (a), 
Li3AlH6, TiCl3, Al, LiCl and undecomposed LiAlH4 have been found, indicating a partial 
decomposition of LiAlH4 at 80
o
C corresponding to reaction 1.15. Peaks from TiCl3 phase  
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Figure 3.10: X-ray diffractograms of TiCl3-doped LiAlH4 prepared by manual 
grinding: (a) After its dehydrogenation at 80°C for 700 minutes; (b) 
After its complete dehydrogenation at 240
o
C for 80 minutes 
 
are easy to find in the X-ray diffractogram, which means TiCl3 has not been completely 
consumed after 700 minutes’ dehydrogenation at 80°C. When the dehydrogenation 
temperature increases to 240°C, LiAlH4 is further decomposed into LiH, Al and H2 
according to reaction 1.16. Therefore, LiAlH4 and Li3AlH6 phases cannot be observed 
any more in Fig. 3.10 (b). Another difference of Fig. 3.10 (b) from Fig. 3.10 (a) is that the 
TiCl3 phase is also not visible, indicating the complete consumption of TiCl3. However, 
the product containing Ti has not been detected in the X-ray diffractogram.  
After the complete dehydrogenation at 240
o
C and H2 back-pressure of 1 bar, X-ray 
diffractograms are recorded on all of the nine samples in group1. Figure 3.11 shows the 
X-ray diffractograms of dehydrogenated samples prepared by ball-milling. Al and LiH, 
which are the products of reaction 1.16, are observed in all the samples, indicating the 
complete decomposition of LiAlH4. LiCl is also found in all samples. The weight ratio of 
LiCl:Al increases in the TiCl3-doped LiAlH4 (2#) and the ZrCl4-doped LiAlH4 (3#) (see 
table 3.7), suggesting the reactions between LiAlH4 and the TM chloride dopants. It 
should be noticed that unidentified peaks are found in all doped LiAlH4 samples. These 
unidentified peaks may come from the TM-related products in reaction 3.1, 3.2 and 3.3.  
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Figure 3.11: X-ray diffractograms of dehydrogenated samples prepared by  
ball-milling: (a) pre-milled LiAlH4, (b) NiCl2-doped LiAlH4 (1#),  
(c) TiCl3-doped LiAlH4 (2#) and (d) ZrCl4-doped LiAlH4 (3#). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.12: X-ray diffractograms of dehydrogenated samples prepared by manual 
grinding: (a) pre-milled LiAlH4, (b) NiCl2-doped LiAlH4 (4#), 
(c) TiCl3-doped LiAlH4 (5#) and (d) ZrCl4-doped LiAlH4 (6#).    
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Figure 3.13: X-ray diffractogram of dehydrogenated samples prepared in Et2O: 
(a) pre-milled LiAlH4, (b) NiCl2-doped LiAlH4 (7#), 
(c) TiCl3-doped LiAlH4 (8#) and (d) ZrCl4-doped LiAlH4 (9#) 
 
 
Table 3.7: The weight ratio of LiCl phase to Al phase of the samples after 
complete dehydrogenation 
 
No. of  
samples 
Component Doping method LiCl : Al 
  
b# Pre-milled  
LiAlH4 
--- 
1.2 : 100 
1# LiAlH4 + NiCl2 
Ball-milling 
0.6 : 100  
2# LiAlH4 + TiCl3 9.0 : 100 
3# LiAlH4 + ZrCl4 6.6 : 100 
4# LiAlH4 + NiCl2 
Manual grinding 
1.3 : 100 
5# LiAlH4 + TiCl3 8.4 : 100 
6# LiAlH4 + ZrCl4 7.5 : 100 
7# LiAlH4 + NiCl2 
Magnetic stirring in Et2O 
and then evacuating 
1.7 : 100 
8# LiAlH4 + TiCl3 9.6 : 100 
9# LiAlH4 + ZrCl4 7.9 : 100 
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Fig. 3.12 shows the X-ray diffractograms of dehydrogenated samples prepared by manual 
grinding. Fig. 3.13 gives the X-ray diffractogram analysis of dehydrogenated samples 
prepared in Et2O. The situation of these samples is very similar. The disappearance of 
LiAlH4 peaks and the absence of Li3AlH6 peaks in the X-ray diffractogram demonstrate 
the complete decomposition of LiAlH4 into LiH, Al and H2 according to reaction 1.15 
and 1.16. Interestingly, the TM halides cannot be detected anymore in any doped LiAlH4 
sample. From Fig. 3.11 to Fig. 3.13, the weight ratio of LiCl phase to Al phase of eight 
TM chloride-doped LiAlH4 samples increase compared with the pre-milled LiAlH4 
(analyzed by Topas 4.2, see table 3.7). Thus, the formation of TMaAlb or TM according 
to 3.1, 3.2 and 3.3 can be assumed. However, metallic or intermetallic phases containing 
any of the TMs were not detected by XRD in the present study. It should be noticed that 
the weight ratio of LiCl:Al of one NiCl2-doped LiAlH4 sample (1#) is even lower than 
that of the pre-milled LiAlH4. The result hints that except for LiCl, another chloride may 
form after the complete dehydrogenation of sample 1# (unidentified peak is found in 
samples 1#, see Fig. 3.11(b). 
 
(4) X-ray diffractogram of doped LiAlH4 powders stored at room temperature  
 
To simulate the practical application, mid-term storage tests of all the samples are carried 
out at both room temperature (20-24
o
C) and the normal refrigerator temperature (2-6
o
C). 
XRD analysis of the samples is performed during the storage process to provide useful  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.14: X-ray diffractogram of undoped LiAlH4 powders stored at room temperature 
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Figure 3.15: X-ray diffractogram of NiCl2-doped LiAlH4 powders stored at  
room temperature 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.16: X-ray diffractograms of ZrCl4-doped LiAlH4 powders stored at room 
temperature (a) Freshly prepared; (b) After 8 days; (c) After 35 days 
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Figure 3.17: X-ray diffractograms of TiCl3-doped LiAlH4 powders stored at room 
temperature (a) Freshly prepared; (b) After 8 days; (c) After 35 days 
 
information for studying the mid-term decomposition process of these samples. Selected 
the doped LiAlH4 samples prepared by manual grinding as an example, Fig. 3.14 to Fig. 
3.17 give a comparison of the X-ray diffractograms of LiAlH4 samples at three different 
stage: (1) After freshly prepared; (2) Stored for 8 days; (3) Stored for 35 days.     
For the undoped LiAlH4 and NiCl2-doped LiAlH4, no formation of decomposition 
products is detected after 8 days and after 35 days (shown in Fig. 3.14 and Fig. 3.15). 
Their X-ray diffractograms are nearly the same as the as-received LiAlH4 in Fig. 3.5 (a) 
at three different stages. On the contrary, new phases are detected in the X-ray 
diffractogram of LiAlH4 doped with ZrCl4 or TiCl3. In the ZrCl4-doped LiAlH4 sample 
(see Fig. 3.16), besides LiAlH4, LiCl and ZrCl4 peaks, which are observed immediately 
after preparation, the peaks of Li3AlH6 and Al have been found in the sample stored after 
8 days.  The relative intensity of ZrCl4 peaks is greatly decreased after 8 days. The 
relative intensity of Al peaks increase and the peaks of ZrCl4 disappear after 35 days. 
Similar changes are observed in the X-ray diffractogram of TiCl3-doped LiAlH4 sample 
(see Fig. 3.17). The results indicate that with the aid of efficient dopants (TiCl3 and 
ZrCl4), LiAlH4 continuously decomposed into Li3AlH6, H2 and Al at room temperature. 
However, new phases containing Ti or Zr have not been found in the X-ray diffractogram 
most likely due to the detecting limit of the XRD.  
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3.3.2 Scanning Electron Micrographs 
 
In this section, the SEM micrographs of freshly doped LiAlH4 powders and 
dehydrogenated LiAlH4 powders are analyzed for morphology study. 
 
(1) SEM micrographs of raw materials and pre-milled LiAlH4 
 
The morphology of the as-received and pre-milled LiAlH4 powders has been analyzed by 
SEM in SE mode (secondary electron detector) and BSE mode (back-scattered electron 
detector) (Fig. 3.18). The investigations reveal that the as-received LiAlH4 powder 
consists of irregularly shaped particles with a broad size distribution ranging from a few 
micrometers up to several ten micrometers (Fig. 3.18 (a)). For comparison, the particle  
 
                         
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.18: SEM micrographs of (a) as-received LiAlH4 in SE mode; (b) as-
received LiAlH4 in BSE mode; (c) pre-milled LiAlH4 in SE mode; (d) 
pre-milled LiAlH4 in BSE mode. 
(b) (a) 
(c) (d) 
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size of pre-milled LiAlH4 is in the range of several to ten micrometers (Figure 3.18 (c)), 
much smaller than the as-received one. However, most of the pre-milled LiAlH4 particles 
are agglomerated during the ball-milling process. In addition, the micrographs of as-
received and pre-milled LiAlH4 powder samples using the BSE mode of the SEM are 
shown here to provide a reference for studying the dopants’ distribution in later 
paragraphs. 
 
(2)  SEM micrographs of freshly doped LiAlH4   
       
The morphologies of doped LiAlH4 powders in group 1 have been analyzed by SEM in 
SE mode and BSE mode. The distribution of the dopants in LiAlH4 samples is studied 
through the BSE micrographs and the results of energy dispersive X-ray spectroscopy 
(EDX). The exemplary images of the SEM micrographs are shown from Fig. 3.19 to Fig. 
3.21.  
 
 
 
Figure 3.19: SEM micrographs in BSE mode of doped LiAlH4 prepared by ball-
milling: (a) NiCl2-doped LiAlH4 (1#); (b) TiCl3-doped LiAlH4 (2#); 
(c) ZrCl4-doped LiAlH4 (3#). 
 
Fig. 3.19 gives the SEM micrographs of three TM chlorides-doped LiAlH4 samples 
prepared by ball-milling in BSE mode. The particle size of LiAlH4 powders in three 
doped samples are in the range of several to ten micrometers, which seems nearly the 
same as that of the pre-milled LiAlH4. The result demonstrates the low-energy ball-
milling used for doping does not obviously vary the particle size of the pre-milled LiAlH4 
powders. In the SEM micrographs of NiCl2-doped LiAlH4 sample (1#, Fig. 3.19 (a)), the 
NiCl2 particles are not found due to the assumed small particle size and its small weight 
percentage. In contrast, the TiCl3 particles are easy to find in the SEM micrographs of 
TiCl3-doped LiAlH4 sample (2#, Fig. 3.19 (b)). The particle size of TiCl3 is several ten 
micrometers, much larger than that of the LiAlH4 particles. Apparently the low-energy 
ball-milling does not contribute too much to reducing the particle size of TiCl3 powder. In 
the SEM micrographs of ZrCl4-doped LiAlH4 sample (3#, Fig. 3.19 (c)), ZrCl4 particles 
appears among the LiAlH4 particles (exemplarily indicated by white arrows). Their size 
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is within several micrometers, smaller than that of the LiAlH4 particles.  
 
 
 
Figure 3.20: SEM micrographs in BSE mode of doped LiAlH4 prepared by 
manual grinding: (a) NiCl2-doped LiAlH4 (1#); (b) TiCl3-doped 
LiAlH4 (2#); (c) ZrCl4-doped LiAlH4 (3#). 
 
Fig. 3.20 exhibits the SEM micrographs of three doped LiAlH4 samples prepared by 
manual grinding in BSE mode. Similarly, the particle size of doped LiAlH4 powders in 
three samples prepared by manual grinding are also in the range of several to ten 
micrometers. That means the energy input of manual grinding is also too small to vary 
the particle size of pre-milled LiAlH4 powders. In the SEM micrographs of NiCl2-doped 
LiAlH4 sample (4#, Fig. 3.20 (a)), the NiCl2 particles are not observed. In contrast, in the 
SEM micrographs of TiCl3 doped LiAlH4 sample (5#, Fig. 3.20 (b)), the TiCl3 particles 
are easy to find among the LiAlH4 particles. Their particle size is around several ten 
micrometers, which is similar to that found in TiCl3 doped sample prepared by ball-
milling. In the SEM micrographs of ZrCl4 doped LiAlH4 sample (6#, Fig. 3.20 (c)), ZrCl4 
particles scatter among the LiAlH4 particles. Their size is about 4 to 8 micrometers, a 
little larger than that found in ZrCl4-doped sample prepared by ball-milling.  
       
 
 
Figure 3.21: SEM micrographs in BSE mode of doped LiAlH4 prepared in Et2O: 
(a) NiCl2-doped LiAlH4 (1#); (b) TiCl3-doped LiAlH4 (2#); (c) ZrCl4-
doped LiAlH4 (3#). 
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Fig. 3.21 shows the SEM micrographs of three doped LiAlH4 samples prepared in Et2O 
in BSE mode. Similarly, the size of LiAlH4 particles of all the three samples does not 
vary too much from that of the pre-milled LiAlH4 powders. The SEM micrographs of 
NiCl2-doped LiAlH4 (7#, Fig. 3.21 (a)) does not show any difference from that of the pre-
milled LiAlH4 powder. It should be emphasized that in the SEM micrographs of TiCl3-
doped LiAlH4 (8#, Fig. 3.21 (b)), the TiCl3 particles are not found any more. The LiAlH4 
particles agglomerate together and the TiCl3 particles are assumed to be coated by 
LiAlH4. In the SEM micrographs of ZrCl4 doped LiAlH4 sample (9#, Fig. 3.21 (c)), ZrCl4 
particles distribute homogeneously among the LiAlH4 powder bed. Moreover, the  
 
 
 
Figure 3.22: SEM micrographs of dehydrogenated pre-milled LiAlH4 and 
dehydrogenated ZrCl4-doped LiAlH4 prepared by manual grinding: 
(a) pre-milled LiAlH4 in SE mode; (b) pre-milled LiAlH4 in BSE 
mode; (c) ZrCl4-doped LiAlH4 in SE mode; (d) ZrCl4-doped LiAlH4 
in BSE mode. 
 
(a) (b) 
(c) (d) 
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observed part of ZrCl4 in Fig. 3.21 (c) is much smaller than the ZrCl4 particles found in 
ZrCl4-doped sample prepared by manual grinding (Fig. 3.20 (c)). 
In summary, the information from Fig. 3.19 to Fig. 3.21 shows the particle size of LiAlH4 
(the main phase) in the nine doped LiAlH4 samples are similar, which is nearly the same 
as that of the pre-milled LiAlH4 sample. Therefore, the particle size of LiAlH4 is not 
considered as the main factor of bringing different dehydrogenation properties between 
undoped and doped LiAlH4 samples. However, the particle sizes of three dopants are 
different. As a result, the contact area between different dopant and LiAlH4 is different, 
which may bring troubles when the effect of three dopants is compared. The particle size 
of TiCl3 and ZrCl4 varies when different doping methods are applied. Furthermore, TiCl3 
particles disappear in the SEM micrographs of TiCl3-doped LiAlH4 sample when the 
doped powders are prepared in Et2O.  
 
(3) SEM micrographs of LiAlH4 samples after complete dehydrogenation 
 
The morphology of the pre-milled LiAlH4 powders after complete dehydrogenation has 
been analyzed by SEM micrographs in SE mode and BSE mode (Fig. 3.22 (a) and (b)). 
Compared with freshly prepared pre-milled LiAlH4 powders, it is more difficult to find 
the boundaries of the particles of dehydrogenated LiAlH4 powders. These particles 
agglomerate together to form larger clusters with large amount of pores, which is thought 
to be the path for hydrogen release.  Taken the ZrCl4-doped LiAlH4 powder prepared by 
manual grinding as an example (Fig. 3.22 (c) and (d)), the morphology of the doped 
LiAlH4 powders after dehydrogenation has been investigated. The SEM micrographs of 
ZrCl4-doped LiAlH4 powders after complete dehydrogenation also present the ‘cluster 
with pores’ structure, which is similar to the desorbed pure LiAlH4 powders. However, in 
Beattie et al.’ experiments, pure LiAlH4 powders underwent dramatic morphological and 
destructive structural changes, whereas the doped LiAlH4 shows a benign outgassing 
with little morphological change [81]. This comparison is not clearly observed in the 
dehydrogenated LiAlH4 powders in group 1. 
 
 
3.3.3 Dehydrogenation kinetics 
 
The dehydrogenation properties of the doped LiAlH4 powders are one of the most 
important research subjects in this thesis. Considering the possible practical application 
in PEM fuel cells system, the dehydrogenation conditions of these prepared samples 
should be controlled closely to the practical environments. In the following section, the 
dehydrogenation properties of the nine doped LiAlH4 powder samples in group 1 will be 
investigated in the temperature range from room temperature to constant 80
o
C. The 
heating rate is 1K/min for all samples. The hydrogenation back-pressure of all tests is set 
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as 1 bar, which will be the default condition in the following. The dehydrogenation 
properties and the average hydrogen release rate of LiAlH4 samples in group 1 are shown 
in table 3.8 and table 3.9 respectively. 
 
(1) TM-doped LiAlH4 powders prepared by ball-milling 
 
Fig. 3.23 shows the dehydrogenation kinetics of TM chlorides-doped LiAlH4 samples 
prepared by ball-milling. The dehydrogenation curves indicate the undoped LiAlH4 
sample and the NiCl2-doped LiAlH4 samples release merely negligible amount of 
hydrogen at 80
o
C (less than 0.2 wt. % within 580 min, see table 3.8). In contrast, the 
TiCl3-doped LiAlH4 sample and the ZrCl4-doped LiAlH4 sample exhibit a considerable 
amount of hydrogen release. Especially the ZrCl4-doped LiAlH4 sample shows the best 
dehydrogenation kinetics. Its mass loss nearly reaches 5wt. % after 580 minutes of 
dehydrogenation. The average hydrogen release rate of ZrCl4-doped LiAlH4 sample 
during the first 100 min is 0.012 wt.%/min (see table 3.9). Moreover, the TiCl3-doped 
LiAlH4 sample also shows good dehydrogenation kinetics. Nearly 3wt. % of hydrogen is 
released from the TiCl3-doped LiAlH4 sample after 580 minutes. The average hydrogen 
release rate of TiCl3-doped LiAlH4 sample during the first 100 min is 0.007 wt.%/min. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.23: Dehydrogenation characteristics at 80
o
C of doped LiAlH4 samples 
prepared by ball-milling  
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(2) TM-doped LiAlH4 powders prepared by manual grinding 
 
In Fig. 3.24, the dehydrogenation properties of samples prepared by manual grinding 
have been tested from room temperature to constant 80
 o
C. Different from the samples 
prepared by ball-milling, TiCl3-doped LiAlH4 sample instead of the ZrCl4-doped one 
release the most amount of hydrogen at constant 80
o
C. About 4.5 wt.% of hydrogen was 
desorbed from the TiCl3-doped LiAlH4 sample during 580 minutes, whereas the mass 
loss of ZrCl4-doped LiAlH4 sample is only 3.9 wt.%. The average hydrogen release rate 
of TiCl3-doped LiAlH4 sample during the first 100 min is 0.017 wt.%/min and the 
average hydrogen release rate of ZrCl4-doped LiAlH4 sample during the first 100 min is 
0.008 wt.%/min. Similar to the results of samples doped by ball-milling, the NiCl2-doped 
LiAlH4 samples release ignorable amount of hydrogen in the same conditions. 
 
             
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
Figure 3.24: Dehydrogenation characteristics at 80
o
C of doped LiAlH4 samples 
prepared by manual grinding  
 
(3) TM-doped LiAlH4 powders prepared in Et2O 
 
The dehydrogenation properties of samples prepared by stirring in Et2O are shown in Fig. 
3.25. Unlike the samples mentioned before, the NiCl2-doped LiAlH4 sample prepared in 
Et2O shows better dehydrogenation kinetics than the pre-milled and undoped LiAlH4 
sample. However, it only released about 0.4 wt.% of hydrogen after 580 minutes at 80
o
C 
and its average hydrogen release rate is 0.004 wt.%/min in the first 100 min. Furthermore, 
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ZrCl4-doped LiAlH4 sample releases only 1.96 wt.% of hydrogen after 580 minutes with 
an average hydrogen release rate of 0.004 wt.%/min in the first 100 min, which is much 
lower than that of the samples doped by ball-milling and manual grinding. However, it 
should be emphasized that the TiCl3-doped LiAlH4 sample desorbed about 6.7 wt.% of 
hydrogen after 580 minutes, which is the highest hydrogen release amount at constant 
80
o
C in group 1. Its average hydrogen release rate during the first 100 min is 0.056 
wt.%/min and its maximum hydrogen release rate reaches 0.320 wt.%/min. 
 
          
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.25: Dehydrogenation characteristics at 80
o
C of doped LiAlH4 samples 
prepared in Et2O 
 
Table 3.8 presents the actual hydrogen releases of the nine samples in group 1 and their 
theoretical dehydrogenation values. However, from this information, it is difficult to 
estimate whether reaction 1.15 and reaction 1.16 both occur during the dehydrogenation 
of all the samples. Moreover, the dehydrogenation curves have not given enough 
information to support the start of reaction 1.16. From Fig. 3.23 to Fig. 3.25, the 
dehydrogenation curves of undoped LiAlH4 samples and NiCl2-doped LiAlH4 samples 
are straight lines with a gentle slope. In contrast, the other samples exhibit 
dehydrogenation curves with different slopes. It should be noted that the dehydrogenation 
curves of TiCl3-doped LiAlH4 sample prepared in Et2O has a typical S-shape. There are 
three stages for this curve: (1) At the beginning, the slope is low when the sample slowly  
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Table 3.8:   Dehydrogenation properties of LiAlH4 samples in group 1 
 
 
No. 
 
Sample 
 
Doping 
method 
Experimental amount of 
hydrogen 
release (wt.%) 
Theoretical 
amount 
of hydrogen release 
considering 
(1.15) + (1.16) 
Experimental amount/ Theoretical 
amount 
(%) 
After 580 min  
at constant 80 
o
C 
At 240 
o
C After 580 min  
at constant 80 
o
C 
At 240 
o
C 
b# Pre-milled 
LiAlH4 
 
--- 
0.13 7.78 7.89 1.7 98.6 
1# NiCl2-
doped 
LiAlH4 
 
 
Ball-milling 
0.14 6.99 7.48 1.9 93.4 
2# TiCl3-doped 
LiAlH4 
3.06 7.10 7.44 41.1 95.4 
3# ZrCl4-doped 
LiAlH4 
4.60 6.81 7.21 63.8 94.4 
4# NiCl2-
doped 
LiAlH4 
 
 
Manual 
grinding 
0.08 7.38 7.48 1.1 98.6 
5# TiCl3-doped 
LiAlH4 
4.52 7.02 7.44 60.7 94.3 
6# ZrCl4-doped 
LiAlH4 
3.88 6.87 7.21 53.8 95.2 
c# Pre-milled 
LiAlH4 
 
 
 
Stirred in Et2O 
0.22 7.69 7.89 2.8 97.5 
7# NiCl2-
doped 
LiAlH4 
0.44 7.43 7.48 5.9 99.3 
8# TiCl3-doped 
LiAlH4 
6.69 7.22 7.44 89.9 97.0 
9# ZrCl4-doped 
LiAlH4 
1.96 7.15 7.21 27.2 99.1 
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Table 3.9:   The average hydrogen release rate of LiAlH4 samples within the first 100 min 
 
No. of  
samples 
Component Doping method 
hydrogen release rate  
(wt. %/min) 
b# 
Pre-milled  
LiAlH4 
--- 0.0001 
1# LiAlH4 + NiCl2 
 
Ball-milling 
0.0006 
2# LiAlH4 + TiCl3 0.0074 
3# LiAlH4 + ZrCl4 0.0115 
4# LiAlH4 + NiCl2 
 
Manual grinding 
0.0004 
5# LiAlH4 + TiCl3 0.0174 
6# LiAlH4 + ZrCl4 0.0077 
7# LiAlH4 + NiCl2 
Magnetic stirring in Et2O 
and then evacuating 
0.0036 
8# LiAlH4 + TiCl3 0.0557 
9# LiAlH4 + ZrCl4 0.0038 
 
decomposed at nearly room temperature; (2) As the temperature increases from room 
temperature to constant 80
o
C, the slope of the curves increase to a maximum value; (3) 
Subsequently, the slope of the curves gradually decrease. Thus, it is straightforward to 
calculate the maximum hydrogen release rate of the TiCl3-doped LiAlH4 sample prepared 
in Et2O (9#). Furthermore, reaction 1.16 is assumed to have already started at constant 
80
o
C in this sample since the total hydrogen release amount of sample 9# within 580 min 
is already above the maximum dehydrogenation amount of reaction 1.15.   
 
 
3.3.4 Mid-term Storability 
 
The storage tests of the doped-LiAlH4 prepared by different methods are carried out in 
this section. The samples are divided into two groups and measured at two different 
conditions to simulate the realistic storage environment: (1) At room temperature (20-
24
o
C); (2) At normal refrigerator temperature (2-6
o
C). The measurements are counted by 
weeks and the total duration is 10 weeks. The errors of the dehydrogenation-based weight 
loss are within ± 0.05 wt.%.   
  
(1) The doped LiAlH4 powders prepared by ball-milling 
 
The mass loss of the doped-LiAlH4 samples prepared by ball-milling at room temperature 
is shown in Fig. 3.26. Similar to the dehydrogenation property at 80
o
C, the dopants play 
important roles on varying the samples’ dehydrogenation behavior at room temperature. 
The effect of NiCl2 on improving the dehydrogenation kinetics of LiAlH4 powders at 
room temperature is negligible since the hydrogen release traces of as-received LiAlH4, 
pre-milled LiAlH4 and NiCl2-doped LiAlH4 nearly overlap. In contrast, the TiCl3-doped  
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Figure 3.26: Dehydrogenation of TM-doped LiAlH4 prepared by ball-milling at 
room temperature (error: ± 0.05 wt.%) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.27: Dehydrogenation of TM-doped LiAlH4 prepared by ball-milling at 
refrigerator temperature (error: ± 0.05 wt.%) 
Chapter 3 Powdery TM chloride-doped LiAlH4 
 
61 
 
LiAlH4 and the ZrCl4-doped LiAlH4 apparently have the better dehydrogenation kinetics 
than that of the undoped one. However, the improved kinetics here is undesirable since 
the storage process requires as less hydrogen release as possible. During the first week, 
TiCl3-doped LiAlH4 release 0.68 wt. % of hydrogen. After ten weeks, it shows a weight 
loss of 2.69 wt. %, which is 34% of the expected hydrogen storage capacity of LiAlH4. In 
comparison, the ZrCl4-doped LiAlH4 shows even more weight loss, 1.17 wt. % at the first 
week, 4.7 wt. % after ten weeks. 
Fig. 3.27 presents the mass loss of the doped-LiAlH4 samples prepared by ball-milling at 
refrigerator temperature. The effects of the dopants on LiAlH4 samples are similar to the 
results of samples stored at room temperature. The weight of as-received LiAlH4, pre-
milled LiAlH4 and NiCl2-doped LiAlH4 samples are nearly stable during ten weeks. In the 
first week, the weight of the TiCl3-doped LiAlH4 sample and the ZrCl4-doped LiAlH4 
sample are nearly stable. However, after ten weeks TiCl3-doped LiAlH4 releases 0.27 
wt. % of hydrogen while ZrCl4-doped LiAlH4 releases 0.5 wt. % of hydrogen. Although 
their dehydrogenation still proceeds during the mid-term storage process, the hydrogen 
release amount is much smaller than that of the samples stored at room temperature. 
TiCl3-doped LiAlH4 releases only 3.4 % of its expected hydrogen storage capacity, and 
ZrCl4-doped LiAlH4 losses only 6.3 % of its expected hydrogen storage capacity. 
 
(2) The doped LiAlH4 powders prepared by manual grinding  
 
Fig. 3.28 presents the mass loss of the doped-LiAlH4 samples prepared by manual 
grinding at room temperature. As-received LiAlH4, pre-milled LiAlH4 and NiCl2-doped 
LiAlH4 samples keep a stable weight from beginning to ten weeks after the measurements.  
On the contrary, TiCl3-doped LiAlH4 sample and the ZrCl4-doped LiAlH4 sample both 
indicate apparent weight losses. At the first week, TiCl3-doped LiAlH4 lost 0.28 wt.% of 
hydrogen, ZrCl4-doped LiAlH4 lost a higher 0.6 wt.% of hydrogen. After ten weeks, 
TiCl3-doped LiAlH4 lost 1.75 wt.% of hydrogen, and ZrCl4-doped LiAlH4 lost a higher 
2.36 wt.% of hydrogen. Although the results are better than the samples prepared by ball-
milling, the hydrogen consumption of TiCl3- and ZrCl4-doped LiAlH4 during the storage 
process is still considerable. 
In contrast, Fig. 3.29 shows the mass loss of the doped-LiAlH4 samples prepared by 
manual grinding at refrigerator temperature. Similarly, the weight of as-received LiAlH4, 
pre-milled LiAlH4 and NiCl2-doped LiAlH4 samples are nearly not changed during ten 
weeks. At the first two weeks, the dehydrogenation of the ZrCl4-doped LiAlH4 sample 
can be ignored. Even after ten weeks, it only releases 0.17 wt. % of hydrogen. The TiCl3-
doped LiAlH4 sample displays a stable increasing weight loss after ten weeks. However, 
the weight loss of both ZrCl4-doped LiAlH4 and TiCl3-doped LiAlH4 is much lower than 
that of the samples stored at room temperature. 
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Figure 3.28: Dehydrogenation of TM-doped LiAlH4 prepared by manual grinding 
at room temperature (error: ± 0.05 wt.%) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.29: Dehydrogenation of TM-doped LiAlH4 prepared by manual grinding 
at refrigerator temperature (error: ± 0.05 wt.%) 
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(3) The doped LiAlH4 powders prepared in Et2O 
 
Fig. 3.30 presents the mass loss of the doped LiAlH4 samples prepared in Et2O at room 
temperature. Unlike the samples doped by other methods, the three samples doped in 
Et2O all show weight loss during ten weeks. However, the weight loss of NiCl2-doped 
LiAlH4 sample is still small (below 0.5 wt. %). It should be noticed that both TiCl3-doped 
LiAlH4 and ZrCl4-doped LiAlH4 have considerable weight loss during ten weeks. ZrCl4-
doped LiAlH4 samples release about 4.5 wt. % of hydrogen, which is more than 60% of 
its theoretical dehydrogenation capacity. TiCl3-doped LiAlH4 samples even release more 
than 6 wt.% of hydrogen, accounting for 80% of its theoretical hydrogen storage capacity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.30: Dehydrogenation of TM-doped LiAlH4 prepared in Et2O at room 
temperature (error: ± 0.05 wt.%) 
 
In contrast, Fig. 3.31 shows the mass loss of the doped-LiAlH4 samples prepared in Et2O 
at refrigerator temperature. Although the mass loss of three doped samples are less than 
the samples stored at room temperature, the hydrogen consumption of TiCl3- and ZrCl4-
doped LiAlH4 samples is still considerable. After ten weeks, ZrCl4-doped LiAlH4 releases 
about 1.4 wt.% of hydrogen, whereas TiCl3-doped LiAlH4 even releases nearly 4 wt.% of 
hydrogen. The mass loss is much higher than the samples prepared by ball-milling and 
manual grinding when they were stored at the same temperature.  However, the mass loss 
of TiCl3- and ZrCl4-doped LiAlH4 samples at the first week is acceptable. This 
characteristic can be utilized for practical application when short-term storage is needed.   
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Figure 3.31: Dehydrogenation of TM-doped LiAlH4 prepared in Et2O at 
refrigerator temperature (error: ± 0.05 wt.%) 
 
In summary, the dehydrogenation-based weight loss of as-received LiAlH4, pre-milled 
LiAlH4 and NiCl2-doped LiAlH4 samples are neglectable during ten weeks when they are 
stored at either room temperature or refrigerator temperature. On the contrary, the TiCl3- 
and ZrCl4-doped LiAlH4 samples suffer various degrees of weight loss during ten weeks. 
However, the storability of TiCl3- and ZrCl4-doped LiAlH4 samples at refrigerator 
temperature are much better that that of samples at room temperature. The weight loss of 
TiCl3- and ZrCl4-doped LiAlH4 samples prepared by ball-milling or manual grinding are 
below 0.5 wt.% after ten weeks when they are stored at refrigerator temperature.    
 
 
 
3.4 Discussion 
 
After analyzing the results of dehydrogenation tests in section 3.3, it is confirmed that the 
dopants and the doping methods have great influence on the dehydrogenation properties 
of LiAlH4. In this section, the reason for the improved dehydrogenation properties of 
TM-doped LiAlH4 will be discussed by the analysis of their crystal structure, phase 
composition and morphologies. 
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3.4.1 The effect of dopants on the dehydrogenation properties of LiAlH4  
 
Among the three TM chlorides used in the group 1, the influence of TiCl3 and ZrCl4 on 
the dehydrogenation properties of LiAlH4 samples is easy to observe from Fig. 3.23 to 
Fig. 3.25. To avoid the effect of the doping methods, the samples prepared by manual 
grinding are investigated as an example to comparatively study the effect of the dopants. 
In Fig. 3.32, the dehydrogenation curves of LiAlH4 doped with different TM chlorides 
are presented in dependence on time and temperature. The dehydrogenation onset 
temperature of as-received LiAlH4 is about 140°C. For pre-milled LiAlH4 and NiCl2-
doped LiAlH4, this temperature is reduced by nearly 10 K. More interesting, the ZrCl4-
doped LiAlH4 begins to release hydrogen at about 80°C and TiCl3-doped LiAlH4 starts 
dehydrogenating at about 75°C, which refers to an onset temperature drop of 50 K and  
55 K, respectively. Moreover, as-received LiAlH4 powder dehydrogenates 95% of its 
maximum hydrogen content considering reactions 1.15 and 1.16 within 180 minutes if 
the temperature is increased to 240
o
C. In comparison, the pre-milled LiAlH4 and pre-
milled LiAlH4 doped with NiCl2, ZrCl4, or TiCl3 release 95% of their maximum 
hydrogen content within 167, 163, 152 and 149 minutes, respectively. The results 
demonstrate the positive effect of three TM chlorides on improving the dehydrogenation 
kinetics of LiAlH4 samples. Their activity gradually decreases in the series: TiCl3 > 
ZrCl4 > NiCl2.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.32: Dehydrogenation characteristics of TM-doped LiAlH4 prepared by 
manual grinding [137] 
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It is noteworthy that in the dehydrogenation curves of undoped LiAlH4 and NiCl2-doped 
LiAlH4, two dehydrogenation steps can be easily identified which refer to reactions 1.15 
and 1.16. However, in the case of ZrCl4-doped LiAlH4 and TiCl3-doped LiAlH4, the two 
reaction steps (according to reaction 1.15 and 1.16) are nearly overlapped. This 
phenomenon is explained recently by Yao et al. [136] via transmission electron 
microscopic (TEM) observations. They argue the two steps’ dehydrogenation curve 
appears when the dehydrogenation performed in the following way: 
 
step 1:  LiAlH4 (s)    
 melting
       LiAlH4 (l) 
step 2:  3 LiAlH4 (l)                  Li3AlH6 (s) + 3 H2 (g) + 2 Al (s)                              
step 3:  Li3AlH6 (s)                   3 LiH (s) + 3/2 H2 (g) + Al (s)                                   
 
The diffusion of Al in step 2 is faster than in step 3 due to its liquid environment, 
resulting in the kinetics of first decomposition reaction being faster than the second 
decomposition reaction. According to Yao et al.’s assumption, the dehydrogenation of 
ZrCl4-doped LiAlH4 and TiCl3-doped LiAlH4 samples have not experienced the melting 
process. That means in Fig. 3.32, only ZrCl4-doped LiAlH4 and TiCl3-doped LiAlH4 
samples completely decompose before reaching their melting point.  
Furthermore, it should be noticed the effect of the dopants will be influenced by particle 
size, doping method and other factors. Sun et al. [126] reported the NiCl2-doped LiAlH4 
prepared by ball-milling (with smaller particle size of NiCl2 than the sample in Fig. 3.32) 
desorbs hydrogen at about 85
o
C, much lower than that of the NiCl2-doped LiAlH4 
samples in this thesis. Another example for the influence of particle size has been 
published by the author in [137]. The TiCl3 used in [137] has smaller particles size than 
the TiCl3 used in this thesis, also resulting in a lower dehydrogenation temperature of 
TiCl3-doped LiAlH4 sample than that of Fig. 3.32.   
Although the effect of the three dopants on improving the dehydrogenation kinetics of 
LiAlH4 is confirmed, their atomistic working mechanism is still ambiguous. Table 3.10 
summarizes the phases observed in the X-ray diffractogram of the nine freshly doped 
LiAlH4 samples in group 1. The results show all of the nine samples include LiAlH4 (the 
main phase) and small amount of LiCl (impurity of as-received LiAlH4 powder). Except 
the amorphous NiCl2, the dopants TiCl3 and ZrCl4 are observed in the freshly doped 
LiAlH4 samples prepared by any method. After dehydrogenation, the dopants cannot be 
found any more in all the six samples (see from Fig. 3.11 to Fig. 3.13), indicating 
reactions between dopants and LiAlH4 during the dehydrogenation process. Thus, the 
formation of respective TM or TMaAlb can be assumed. However, metallic or 
intermetallic phases containing any of the TMs were not detected by XRD in the present 
study. A possible reason is either the formation of amorphous TiaAlb /ZraAlb (or Ti/Zr) 
phases, or intermetallic TiaAlb /ZraAlb phases (or metallic Ti/Zr phase) with very fine 
crystallite size are formed and their amount is below the detection limits of the X-ray 
Chapter 3 Powdery TM chloride-doped LiAlH4 
 
67 
 
diffractometer. Kim et al. [138] have proved there is a detection limit of XRD depending 
on the particle size. The detection limit increases fast with the decrease of crystallite size. 
Therefore, the crystalline weight percentage of the phases is not analyzed by Topas 
because of the potential errors induced by these undetected phases. 
 
Table 3.10: Phases observed in the X-ray diffractogram of group 1 (from Fig. 3.6 
to Fig. 3.8) 
No. Component 
Doping 
methods 
Phases from X-ray diffractograms 
LiAlH4 LiCl Li3AlH6 Al dopant 
b# Pre-milled LiAlH4 --- X X --- --- --- 
1# 
Pre-milled LiAlH4 
+ NiCl2 
Ball-milling 
X X --- --- --- 
2# 
Pre-milled LiAlH4 
+ TiCl3 
X X --- --- X 
3# 
Pre-milled LiAlH4 
+ ZrCl4 
X X --- --- X 
4# 
Pre-milled LiAlH4 
+ NiCl2 
Manual 
grinding 
X X --- --- --- 
5# 
Pre-milled LiAlH4 
+ TiCl3 
X X --- --- X 
6# 
Pre-milled LiAlH4 
+ ZrCl4 
X X --- --- X 
7# 
Pre-milled LiAlH4 
+ NiCl2 
In Et2O 
X X --- --- --- 
8# 
Pre-milled LiAlH4 
+ TiCl3 
X X --- X X 
9# 
Pre-milled LiAlH4 
+ ZrCl4 
X X --- --- X 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.33:   X-ray diffractogram of ball-milled LiAlH4 doped with TM chloride ([123]) 
(a) 
(b) 
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To observe the possible catalytic phase, Kojima et al. [123] present the X-ray 
diffractogram of ball-milled LiAlH4 doped with TM chlorides (taken in 1:1 weight ratio, 
3-6:1 molar ratio). Finally the intermetallic phases Al3Ni, Al3Zr (cubic) and Al3Ti (cubic) 
are detected (see Fig. 3.33) and three reactions between LiAlH4 and the dopants are 
assumed (from reaction 3.4 to 3.6). However, when using different doping methods and 
much lower concentrations of dopants, the reactions between LiAlH4 and the dopants 
may vary. For example, when the molar ratio of LiAlH4 to TM chlorides increases from 
3:1 to 50:1, the elemental molar ratio of the product, AlaTMb, may vary from 3:1 to a 
higher value due to the excessive LiAlH4. In addition, the product of metallic TM (see 
reaction 3.1 to 3.3) cannot be excluded due to their amorphous or nano-crystallite 
structure, which has not been considered by Kojima et al. [123]. Thus, the reactions 
between LiAlH4 and the dopants can be described as reaction 3.1 to 3.3 (see section 
3.3.1).    
 
             3LiAlH4 + NiCl2                Al3Ni + LiH + 2LiCl + 5.5H2                                  (3.4) 
 
             3LiAlH4 + TiCl3                Al3Ti + 3LiCl + 6H2                                                (3.5)     
            
             4LiAlH4 + ZrCl4                Al3Zr + Al + 4LiCl + 8H2                                        (3.6) 
 
 
 
3.4.2 The effect of doping methods on the dehydrogenation properties of LiAlH4  
 
In this chapter, each TM chloride powder is doped into LiAlH4 via three different 
methods. The results suggest that to obtain improved dehydrogenation properties of 
LiAlH4, the selection of doping methods should depend on the specific dopant. From the 
view of microscopic structure, a good doping method should help the homogeneous 
distribution of the dopants and promote the contact of LiAlH4 with the dopants, leading 
to the ultra-dispersion of catalysts and providing short paths for hydrogen diffusion. From 
the view of dehydrogenation properties, a good doping method can greatly improve the 
dehydrogenation kinetics of doped LiAlH4 samples. Taking ZrCl4- and TiCl3-doped 
LiAlH4 powders for example, the effect of doping methods on the dehydrogenation 
properties of LiAlH4 will be discussed in this section. 
Fig. 3.34 shows the dehydrogenation characteristics of ZrCl4-doped LiAlH4 samples 
prepared by three different doping methods. Their dehydrogenation kinetics gradually 
increases in the series: 9# (magnetic stirring in Et2O) < 6# (manual grinding) < 3# (ball-
milling). On the other hand, the energy input of the three doping methods gradually 
increases in the series: magnetic stirring in Et2O < manual grinding < low-speed ball-
milling. Therefore, the results indicate when ZrCl4 is selected as the dopant of LiAlH4 
sample, external force is necessary during the doping process to improve the 
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dehydrogenation kinetics of ZrCl4-doped LiAlH4. Although the evidence has not been 
clearly observed in the morphology analysis, one possible reason is the particle size of 
ZrCl4 is reduced by the external force. Consequently, the better contact between ZrCl4 
and LiAlH4 induce better dehydrogenation kinetics of ZrCl4-doped LiAlH4 samples. 
Similar case is described by Sun et al. about the NiCl2 -doped LiAlH4 in [126].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.34: Dehydrogenation characteristics of 2 mol% ZrCl4-doped LiAlH4 
(80
o
C, H2 back-pressure of 1 bar) 
 
Fig. 3.35 shows the dehydrogenation characteristics of TiCl3-doped LiAlH4 samples 
prepared by three different doping methods. Their dehydrogenation kinetics increases in 
the series: 2# (ball-milling) < 5# (manual grinding) < 8# (in Et2O). The sample doped in 
Et2O (8#) exhibits the highest potential hydrogen release content (6.69 wt.%) at 80
o
C 
within 580 min, which is nearly 90% of its theoretical dehydrogenation amount. The 
method of doping LiAlH4 with TiCl3 in Et2O shows obvious advantages than other 
methods. Since the particle size of dopant is not the critical factor (the particle size of 
TiCl3 in samples prepared by ball-milling and manual grinding is similar, see section 
3.3.2), the assumed reason for the result of Fig. 3.35 is the distribution of the dopant. The 
addition of Et2O leads to homogeneous distribution of TiCl3 whereas ball-milling may 
induced the agglomeration of TiCl3.    
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Figure 3.35: Dehydrogenation characteristics of 2 mol% TiCl3-doped LiAlH4 
(80
o
C, H2 back-pressure of 1 bar) 
 
In addition, the effect of Et2O during the doping process should be noticed. Although 
Et2O won’t directly influence the dehydrogenation properties of LiAlH4 (see Fig. 3.25), it 
can affect the dehydrogenation kinetics of LiAlH4 through the dopants. LiAlH4 and its 
dopants can be mixed in Et2O as homogeneous solution or suspension. Thus, the presence 
of Et2O is expected to promote the homogeneous distribution of the dopants, which can 
be proved from the SEM micrographs of the doped LiAlH4 samples (in section 3.3.2). In 
this thesis, the effect of Et2O on NiCl2- and ZrCl4-doped LiAlH4 can be neglected 
because the NiCl2- and ZrCl4-doped LiAlH4 samples prepared in Et2O have not shown 
better dehydrogenation kinetics than the samples doped by other methods. However, the 
positive effect of Et2O on TiCl3-doped LiAlH4 is clear.  
       
 
 
3.5 Summary 
 
In this chapter, the crystal structure, the micro-morphology and the dehydrogenation 
properties of TM chlorides (NiCl2, TiCl3, ZrCl4)-doped LiAlH4 samples are 
comparatively studied. In order to obtain the doped LiAlH4 sample with best 
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dehydrogenation properties, three different doping methods are applied and compared for 
each dopant. Some conclusions can be drawn as following: 
 
a) Among the three TM chlorides dopants (NiCl2, TiCl3, ZrCl4), TiCl3 and ZrCl4 
show clearly positive effect on improving the dehydrogenation kinetics of LiAlH4 
samples.  
b) The precursors of the effective catalysts (TiCl3 and ZrCl4) coexist with LiAlH4 
after doping. Therefore, the unwanted dehydrogenation during doping process is 
avoided or, at least, greatly reduced due to the low-energy-input doping methods 
compared with conventional high-energy ball-milling. 
c) To reduce the dehydrogenation temperature and improve the dehydrogenation 
kinetics, the selection of doping methods should depend on the specific dopant of 
the LiAlH4 sample. Ball-milling is the best doping method for ZrCl4-doped 
LiAlH4 samples, whereas stirring in Et2O is more applicable for TiCl3-doped 
LiAlH4 samples.  
d) TiCl3-doped LiAlH4 sample prepared in Et2O shows the best dehydrogenation 
properties among all of the nine samples. It release about 6.7 wt.% of hydrogen 
within 580 min at 80
o
C and the back hydrogen pressure of 1 bar. Its average 
hydrogen release rate during the first 100 min reaches 0.056 wt.%/min. 
e) Storing doped LiAlH4 samples at lower temperature leads to less hydrogen release, 
and consequently longer shelf lives. 
f) Although the hydrogen release of TiCl3-doped LiAlH4 sample at refrigerator 
temperature is still considerable, the mass loss of stored sample at the first week 
is acceptable for the shelf life application of short-term storage. 
 
Different from the dopants (NiCl2, TiCl3 and ZrCl4) in this chapter, TiCl4 is in the liquid 
state and easy to contaminate argon glove box during the grinding process. Thus, the 
doping method of manual grinding in this chapter is replaced by magnetic stirring for 
TiCl4-doped LiAlH4. The crystal structure, morphology and dehydrogenation properties 
of TiCl4-doped LiAlH4 powders will be discussed in next chapter.    
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4. Liquid TiCl4-doped LiAlH4  
 
 
 
4.1 Overview 
 
Among frequently studied dopants, TiCl4 exhibits prominent catalytic effects for the 
dehydrogenation of LiAlH4. Balema et al. [122] first reported the rapid transformation of 
LiAlH4 into Li3AlH6 in the presence of 3 mol% TiCl4 during ball-milling at ambient 
conditions. After 5 minutes of ball-milling, a large amount of Li3AlH6 formed and the 
residual material could release only about 2 wt.% of hydrogen at 120
o
C. Similarly, Resan 
et al. [110] ball-milled LiAlH4 with 2 mol% TiCl4 for 30 min. Only about 1 wt.% of 
hydrogen was still released during the dehydriding measurement (the temperature of 
measurement increased from room temperature to 450
o
C) after doping. Since the 
considerable dehydrogenation of LiAlH4 during the doping process greatly decreases the 
hydrogen storage capacity of doped LiAlH4, ball-milling should be improved or replaced 
by the doping methods with less hydrogen release during the doping process. 
Similar to the TM chloride powder (NiCl2, TiCl3, ZrCl4)-doped LiAlH4 in chapter 3, the 
atomistic working process of TiCl4 on LiAlH4 samples is still ambiguous. Resan et al. 
[110] argue TiCl4 is reduced by the alanates, leading to the hydrogen release during the 
ball-milling process. Balema et al. assume the reaction between TiCl4 and LiAlH4 as 
reaction 4.1. This reaction can be divided into two steps as reaction 4.2 and 4.3 according 
to [122].      
 
0.97LiAlH4 + 0.03TiCl4=0.283Li3AlH6 + 0.687Al + 0.03[Ti] + 0.12LiCl + 1.091H2   (4.1) 
 
4LiAlH4 + TiCl4 = 4Al + 4LiCl + [Ti] + 2H2                                                                 (4.2)  
             
3LiAlH4 + [Ti] = Li3AlH6 + 2Al + [Ti] + 3H2                                                                (4.3) 
 
In this chapter, TiCl4 is selected as dopant in view of its prominent effect on reducing the 
hydrogen release temperature and improving the dehydrogenation kinetics of LiAlH4 
samples.  Eight TiCl4-doped LiAlH4 samples in table 4.1 are prepared. Three different 
doping methods and five concentrations of TiCl4 are compared in order to optimize the 
LiAlH4 doping process and obtain the doped LiAlH4 sample with best dehydrogenation 
properties (including maximum amount of hydrogen release, in combination with fast 
dehydrogenation kinetics). The dehydrogenation of TiCl4-doped LiAlH4 samples is 
examined under a hydrogen back-pressure of 1 bar and at 80°C, which is within the 
operating temperature of PEM fuel cells. Some information of this chapter is published in 
[139]. Compared with the former study of TiCl4-doped LiAlH4, the highlights of this 
thesis are listed as below: 
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a. The effect of doping methods (ball-milling with low rotation speed, magnetic 
stirring and magnetic stirring in Et2O) on the dehydrogenation properties of the 
TiCl4-doped LiAlH4 powders is compared for the first time.          
b. The dehydrogenation kinetics of TiCl4-doped LiAlH4 powders is studied 
systematically at 80
o
C and 1 bar.  
c. Different TiCl4 concentrations are tested and optimum dehydrogenation properties 
of LiAlH4 powder are found (up to 6.5 wt.% of hydrogen release at constant 80
o
C).  
d. The storability of the TiCl4-doped LiAlH4 powders at practical conditions 
(atmosphere pressure, room temperature and refrigerator temperature (2-6
o
C)) is 
studied for the first time.            
 
 
 
4.2 Doping process  
 
The LiAlH4 samples doped with TiCl4 are classified into group 2 in section 2.3. Different 
from the powdery dopants discussed in chapter 3, TiCl4 is in the liquid state at ambient 
temperature and pressure. Since TiCl4 is volatile and has possibility to contaminate the 
Ar-glove box, the doping method of manual grinding used in section 3.2.2 is substituted 
by magnetic stirring in flask. Thus, the LiAlH4 samples doped with TiCl4 in group 2 (see 
table 4.1) are prepared by the following ways: (1) ball-milling at low rotation speed; (2) 
magnetic stirring; (3) magnetic stirring in Et2O and subsequent evacuating.  
 
Table 4.1:                     Powder preparation of group 2 
 
No. of  
samples 
Main material dopant Mole ratio 
(LiAlH4:dopand) 
Doping method 
a# As-rec. LiAlH4 ---- ---- ---- 
b#  
 
 
 
Pre-milled 
LiAlH4 
 
---- ---- ---- 
1#  
 
 
TiCl4 
 
100:2 
Ball-milling 
2# Magnetic stirring 
3# 100:2  
 
Magnetic stirring in Et2O 
and subsequent evacuating 
4# 100:1 
5# 100:0.5 
6# 100:0.3 
7# 100:0.1 
8# 100:0 
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(1) Low-energy ball-milling  
 
Similar to the samples in group 1, ball-milling at low rotation speed is selected as the first 
doping method. The ball-milling is performed in the planetary mill ‘Fritsch P6’ using 
steel bowl and 10 mm steel balls. Compared with the samples in group 1, the doping 
process is more complicated because TiCl4 is in the liquid state. The detailed doping 
process is illustrated in Fig. 4.1. Table 4.2 lists the parameters of low speed ball-milling. 
Argon atmosphere is provided for the whole operation process.                                          
 
Table 4.2:               The parameters of low-speed ball-milling 
 
Sample 
No. 
Main 
material 
Dopant Milling speed 
/rpm 
Ball to powder 
ratio 
Milling time 
/min 
1# 
Pre-milled 
LiAlH4 
TiCl4 100 20:1 15 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1:   Flow sheet of ball-milling 
 
(2) Magnetic stirring 
 
Magnetic stirring is the second doping method of the TiCl4-doped LiAlH4 samples. The 
doping system consists of flask, magnetic stirrer, ice-water mixture and argon input tubes, 
which is similar to the system shown in Fig. 3.3. The detailed doping process is 
illustrated in Fig. 4.2 and the parameters of magnetic stirring are listed in table 4.3. The 
whole doping process is performed under argon atmosphere and the temperature is 
controlled at 0
o
C using the ice-water mixture.  
Locate steel balls and pre-milled LiAlH4 into the steel bowl   
Inject TiCl4 into the steel bowl by syringe through the four 
small holes in the inner lid of the steel bowl  
(see Fig. 2.1 (b) )  
 
Cover the steel bowl with outer lid and seal it via screws 
  
Place the sealed steel bowl in Fritsch P6 (Fig. 2.1 (a)) for ball-milling 
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Table 4.3:                    Parameters of magnetic stirring 
 
SampleNo. Main material dopant Stirring speed 
/rpm 
Stirring time 
/min 
2# Pre-milled LiAlH4 TiCl4 1000 20 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2:   Flow sheet of magnetic stirring 
 
(1) Magnetic stirring in Et2O and evacuating 
 
For the TiCl4-doped LiAlH4 samples, magnetic stirring in Et2O is arranged as the third 
doping method. The doping procedure is similar to that of powdery TM chloride dopants  
 
                  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3:   Flow sheet of magnetic stirring in Et2O 
Put the magnetic stirring bar and pre-milled LiAlH4 into the flask 
Inject TiCl4 into the flask by syringe 
Magnetically stir the mixture for 20 min  
Evacuating for 90 min to remove Et2O from the system 
  
Put the magnetic stirring bar and pre-milled LiAlH4 into the flask 
 
Put Et2O into the flask by pipette and magnetically stir the 
suspension to a homogeneous state 
 
Inject TiCl4 into the flask by syringe and magnetically stir 
the mixture to a homogeneous state for 10 min 
  
Remove the doped LiAlH4 powders under inert atmosphere 
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Table 4.4:                    Parameters of magnetic stirring in Et2O 
 
Sample 
No. 
Main 
material 
dopant Stirring speed 
/rpm 
Stirring time 
/min 
Evacuating time 
/min 
3#-8# 
Pre-milled 
LiAlH4 
TiCl4 1000 10 90 
 
in section 3.2.3 (Fig. 3.2 and 3.3). However, there is a little difference in the materials 
loading sequence since TiCl4 is in the liquid state and it is not convenient to add TiCl4 
into the flask at the beginning. The detailed doping process of this method is shown in 
Fig. 4.3. The main parameters of magnetic stirring in Et2O are listed in table 4.4. 
Similarly, the whole doping process is performed under argon atmosphere and at 0
o
C. 
 
 
4.3 Results and discussion 
 
In this section, the X-ray diffractograms, SEM micrographs and dehydrogenation 
behaviors of TiCl4-doped LiAlH4 powders are analyzed and discussed. The effects of 
doping methods and TiCl4-concentrations on the dehydrogenation properties of LiAlH4 
are compared.            
 
4.3.1 X-ray diffractograms 
 
The X-ray diffractograms of LiAlH4 samples in group 2 are show in Fig. 4.4 and Fig. 4.5.  
Fig. 4.4 presents the X-ray diffractograms of undoped and freshly 2 mol% TiCl4-doped 
LiAlH4 samples prepared by three different doping methods. Apparently, as-received 
LiAlH4 contains LiCl as impurity (Fig. 4.4 (a)). After pre-milling of LiAlH4 for 30 min 
(Fig. 4.4 (b)) or stirring pre-milled LiAlH4 in Et2O and then evacuating (Fig. 4.4 (c)), no 
decomposition of LiAlH4 can be detected. In contrast, weak aluminum peaks have been 
found in all 2 mol% TiCl4-doped LiAlH4 samples (Fig. 4.4 (d)-(f)), indicating a partial 
reduction of TiCl4 by LiAlH4 most likely according to reaction (4.4) during the three 
different doping processes. Because of the particle size detection limit of XRD [138], 
neither TiaAlb nor Ti phase have been found in the X-ray diffractograms due to the 
potential formation of nanoparticles and their relatively small molar proportion. Unlike 
the complete transformation of LiAlH4 reported by Balema et al. [115], Li3AlH6 has not 
been found in any X-ray diffractogram of the investigated samples. Thus, the 
decomposition of LiAlH4, according to reaction (1.15), has been prevented obviously 
because of the low energy input during all of the three doping processes. Interestingly, 
LiAl2H7 has been detected in the pre-milled LiAlH4 stirred in Et2O without TiCl4 (Fig. 
4.4 (c)).  
 
           TiCl4 + 4 LiAlH4 → 4 LiCl + TiaAlb + (1-a) Ti + (4-b) Al + 8 H2                       (4.4) 
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Figure 4.4: X-ray diffractograms of (a) as-received LiAlH4, (b) pre-milled 
LiAlH4, (c) pre-milled LiAlH4 stirred in Et2O (8#), (d) 2 mol% TiCl4-
doped LiAlH4 prepared by ball-milling (1#), (e) 2 mol% TiCl4-doped 
LiAlH4 prepared by magnetic stirring (2#), (f) 2 mol% TiCl4-doped 
LiAlH4 prepared by magnetic stirring in Et2O (3#). 
 
Table 4.5:  Phase percentage of LiAlH4 doped with TiCl4 in Et2O 
 
No. sample composition Percentage of main phases (wt.%) 
Al LiCl 
raw corrected raw corrected 
a# as-received LiAlH4 0.1 - 0.7 - 
b# pre-milled LiAlH4 0.2 0.2 2.3 0 
7# LiAlH4 + 0.1 mol% TiCl4 0.1 
 
0.1 2.6 0.3 
6# LiAlH4 + 0.3 mol% TiCl4 0.2 
 
0.2 3.0 0.7 
5# LiAlH4 + 0.5 mol% TiCl4 0.8 
 
0.8 3.6 1.3 
4# LiAlH4 + 1.0 mol% TiCl4 1.1 
 
1.1 5.6 3.4 
3# LiAlH4 + 2.0 mol% TiCl4 4.5 
 
4.6 9.7 7.6 
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Fig. 4.5 displays the X-ray diffractograms of LiAlH4 doped with different concentrations 
of TiCl4 in Et2O. Weak Al peaks can be observed when the concentration of TiCl4 
increases over 0.5 mol%. The crystalline phase compositions of doped LiAlH4 were 
determined by quantitative Rietveld analyses. Table 4.5 lists the crystalline weight 
percentage of LiCl and Al in all samples. Considering the samples compose of only three 
observed phases: LiAlH4, LiCl and Al, Fig. 4.6 shows the Rietveld refinement of the X-
ray diffractograms for the TiCl4-doped LiAlH4 samples with different concentrations. 
The results indicate that the LiCl percentage in LiAlH4 (a#) increases after pre-milling 
(b#), which is induced by the reaction between LiAlH4 and impurities. Therefore, both 
the LiCl and Al fractions in the TiCl4-doped LiAlH4 samples (3#-7#) were corrected by 
the amount of LiCl formed during pre-milling. It was found that the amount of LiCl 
increases nearly linearly with increasing TiCl4 concentration, which is consistent with the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5: X-ray diffractograms of (a) pre-milled LiAlH4, (b) 0.1 mol% TiCl4-
doped LiAlH4 (7#), (c) 0.3 mol% TiCl4-doped LiAlH4 (6#), (d) 0.5 
mol% TiCl4-doped LiAlH4 (5#), (e) 1.0 mol% TiCl4-doped LiAlH4 
(4#), (f) 2.0 mol% TiCl4-doped LiAlH4 (3#), the doping was 
conducted in Et2O (cf. section 4.2.3). 
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Figure 4.6: X-ray diffractograms of TiCl4-doped LiAlH4 and Rietveld refinement of  
(a) as-received LiAlH4, (b) pre-milled LiAlH4, (c) 0.1 mol% TiCl4-doped 
LiAlH4 (7#), (d) 0.3 mol% TiCl4-doped LiAlH4 (6#), (e) 0.5 mol% TiCl4-
doped LiAlH4 (5#), (f) 1 mol% TiCl4-doped LiAlH4 (4#), (g) 2 mol% TiCl4-
doped LiAlH4 (3#), (green curve: experimental X-ray diffractogram, red 
curve: calculated X-ray diffractogram, gray curve: difference). 
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transformation of the additive according to reaction (4.4). Also the determined crystalline 
Al percentage in TiCl4-doped LiAlH4 increases with increasing TiCl4 concentration, but 
not linearly. 
Neither elemental Ti nor intermetallic Ti-Al compounds were observed in any X-ray 
diffractogram, which implies that these phases are either X-ray amorphous or a nano-
TiaAlb alloy. Moreover, the corrected crystalline phase percentages of Al are considerably 
lower than the maximum expected values. This indicates that at least some TiaAlb is X-
ray amorphous, which also explains the non-linear increase of the observed Al phase with 
increasing TiCl4 concentration. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7: X-ray diffractograms of 2 mol% TiCl4-doped LiAlH4 prepared in 
Et2O after dehydrogenation: (a) at 80°C and (b) at 240°C. 
 
Fig. 4.7 presents the X-ray diffractograms of LiAlH4 doped with 2 mol% TiCl4 prepared 
in Et2O after dehydrogenation at 80°C for 590 min and at 240°C for additional 80 min, 
respectively. The results indicate that the majority phase, LiAlH4, in the TiCl4-doped 
sample has been transformed completely already at 80°C. However, some residual 
Li3AlH6 is still detected. Thus, the complete decomposition of the intermediately formed 
Li3AlH6 obviously requires longer time at 80
o
C or higher temperatures than 80°C. A 
temperature treatment for 80 min at 240°C is sufficient for a complete dehydrogenation 
of Li3AlH6.  
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4.3.2 Scanning Electron Micrographs 
 
The morphology of LiAlH4 powders doped with TiCl4 has been analyzed by SEM 
micrographs in BSE mode (Fig. 4.8). The results reveal the powder particle size of pre-
milled and TiCl4-doped LiAlH4 is similar and in the range of several to ten micrometers. 
Therefore, the particle size is not considered as a crucial factor causing any significant 
difference of the dehydrogenation properties of the differently doped LiAlH4 samples. 
Unlike solid dopants, the flowable TiCl4 is expected to distribute much more 
homogeneously during the preparation process and to react with LiAlH4 further into Ti or 
Ti-Al phases. However, it was not possible to detect those ultra-dispersed products in the 
SEM micrographs probably due to the uniform distribution of TiCl4 and hence the 
relative low concentration of Ti in the samples. 
 
 
 
 
Figure 4.8: SEM micrographs in the BSE mode of (a) pre-milled LiAlH4, (b) 2 
mol% TiCl4-doped LiAlH4 prepared by ball-milling, (c) 2 mol% 
TiCl4-doped LiAlH4 prepared by stirring, (d) 2 mol% TiCl4-doped 
LiAlH4 prepared by magnetic stirring in Et2O  
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4.3.3 Dehydrogenation kinetics 
 
The dehydrogenation properties of undoped and 2 mol% TiCl4-doped LiAlH4 have been 
investigated in the temperature range from room temperature to constant 80°C (Fig. 4.9). 
Two groups of useful values are listed in Table 4.6: one is the released hydrogen amount 
of all samples at constant 80°C after 590 min, the other is the total hydrogen capacity 
derived from the mass loss at 240°C. The dehydrogenation curves demonstrate that 
undoped LiAlH4 does release merely a small amount of hydrogen at 80°C (0.19 wt.% 
within 590 min). In contrast, all 2 mol% TiCl4-doped LiAlH4 samples prepared by the 
three different methods (ball-milling: 1#, magnetic stirring: 2#, magnetic stirring in Et2O: 
3#) exhibit a considerable mass loss, which clearly indicates dehydrogenation. Among all 
2 mol% TiCl4-doped LiAlH4, the sample prepared in Et2O (3#) releases the highest 
amount of hydrogen and exhibits the best dehydrogenation kinetics at 80°C, while the 
sample prepared by ball-milling (1#) shows the worst one (see table 4.6 and 4.7). These  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9: Dehydrogenation characteristics of undoped and 2 mol% TiCl4-doped 
LiAlH4: as-received LiAlH4 (a#), pre-milled LiAlH4 (b#), pre-milled 
LiAlH4 stirred in Et2O (8#), 2 mol% TiCl4-doped LiAlH4 prepared by 
ball-milling (1#), 2 mol% TiCl4-doped LiAlH4 prepared by stirring 
(2#), 2 mol% TiCl4-doped LiAlH4 prepared by stirring in Et2O (3#).  
 
Chapter 4 Liquid TiCl4-doped LiAlH4 
83 
 
 
Table 4.6:  Dehydrogenation properties of pre-milled LiAlH4 doped with TiCl4 
 
 
Sample 
 
Experimental amount of 
hydrogen release (wt.%) 
Experimental amount/  
Theoretical amount (%)  
after 590  
min at  80°C 
at 240°C after 590  
min at 80°C 
at 240°C 
a#   (as-rec. LiAlH4) 0.19 — 2.4  — 
b#  (pre-milled LiAlH4) 0.12 7.60 1.5  96.3  
1#  (+ 2mol%TiCl4: BM) 1.45 6.03 19.7  81.9  
2#  (+ 2mol%TiCl4: MS) 3.55 6.22 48.2  84.5  
3#  (+ 2mol%TiCl4: Et2O)  5.35 6.79 72.6  92.2  
4#  (+ 1mol%TiCl4: Et2O) 5.67 7.25 74.5  95.2  
5#  (+ 0.5mol%TiCl4: Et2O) 6.50 7.53 83.9  97.2  
6#  (+ 0.3mol%TiCl4: Et2O) 6.58 7.70 84.3  98.7  
7#  (+ 0.1mol%TiCl4: Et2O) 6.02 7.56 76.6  96.2  
8#  (+ 0 mol%TiCl4: Et2O) 0.22 7.57 2.80  96.0  
 
 
Table 4.7: Average hydrogen release rate of TiCl4-doped LiAlH4  
within the first 100 min 
 
Sample No. a# b# 1# 2# 3# 4# 5# 6# 7# 8# 
hydrogen 
release rate 
(wt. %/min) 
 
0.0014 
 
0.0007 
 
0.0026 
 
0.0195 
 
0.0375 
 
0.0380 
 
0.0460 
 
0.0266 
 
0.0116 
 
0.0008 
 
 
results can be attributed to the distribution of TiCl4 in LiAlH4 during the preparing 
process. The addition of Et2O as liquid solvent improves the distribution of liquid TiCl4 
during stirring and leads to a very homogeneous mixing of doped LiAlH4. Unfortunately,  
the distribution of Ti species in LiAlH4 cannot be seen in the SEM micrographs as 
discussed above. According to the amount of hydrogen release at 80°C and 240°C given 
in Table 4.6, all three samples doped with 2 mol% TiCl4 prepared with different methods 
(1#, 2#, 3#) release more than 6 wt.% hydrogen at 240°C, which is significantly higher 
than the hydrogen release reported in [53, 60]. Furthermore, reaction (1.16) has obviously 
already started at 80°C after doping LiAlH4 with TiCl4 since the theoretical maximal 
amount of hydrogen release for reaction (1.15) is only 5.26 wt.%. 
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Figure 4.10: Dehydrogenation characteristics of TiCl4-doped LiAlH4 prepared in 
Et2O: undoped LiAlH4 (8#), 0.1 mol% TiCl4-doped LiAlH4 (7#),  
0.3 mol% TiCl4-doped LiAlH4 (6#), 0.5 mol% TiCl4-doped LiAlH4 (5#),  
1.0 mol% TiCl4-doped LiAlH4 (4#), 2.0 mol% TiCl4-doped LiAlH4 (3#) 
 
Since the TiCl4-doped LiAlH4 prepared in Et2O shows the best dehydrogenation 
properties, the effect of dopant concentration on the dehydrogenation of TiCl4-doped 
LiAlH4 prepared in Et2O has been investigated (Fig. 4.10). The results clearly 
demonstrate that 0.5 mol% TiCl4-doped LiAlH4 exhibits the best dehydrogenation 
performance. With regard to the dehydrogenation kinetics, it releases about 4.6 wt.%-H2 
during the first 100 min at 80
o
C. After 590 min it has released about 6.5 wt.%-H2, which 
is the best result of the samples under investigation.  
 
 
4.3.4 Mid-term storability 
 
Due to the prominent catalytic effect of TiCl4, the hydrogen release of TiCl4-doped 
LiAlH4 samples during the storage process can be forecasted. The mid-term storage tests 
of TiCl4-doped LiAlH4 samples at room temperature are presented in Fig. 4.11. The 
TiCl4-doped LiAlH4 samples prepared in Et2O (3#, 5#) release about 5 wt.%-H2 in the 
first 7 days. More than 80% of their potential hydrogen storage capacity is consumed 
within 28 days. In contrast, the LiAlH4 sample prepared by ball-milling (1#) releases 
only about 0.5 wt.%-H2 after 7 days and less than 1wt.% -H2 within 28 days. Accordingly, 
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Figure 4.11: Dehydrogenation of TiCl4-doped LiAlH4 at room temperature: 
2 mol% TiCl4-doped LiAlH4 prepared by ball-milling (1#),  
2 mol% TiCl4-doped LiAlH4 prepared by stirring (2#),  
2 mol% TiCl4-doped LiAlH4 prepared by stirring in Et2O (3#), 
0.5 mol% TiCl4-doped LiAlH4 prepared by stirring in Et2O (5#) 
(error: ± 0.05 wt.%) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12: Dehydrogenation of 0.5 mol% TiCl4-doped LiAlH4 at different 
temperature (error: ± 0.05 wt.%) 
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the LiAlH4 samples doped in Et2O show the fast dehydrogenation kinetics at both 80
o
C 
and room temperature, which brings difficulties for the storage of LiAlH4 samples with 
good dehydrogenation kinetics at 80
o
C. 
To resolve the storage problems of LiAlH4 samples with good dehydrogenation kinetics, 
a lower temperature is selected as the storage temperature. In Fig. 4.12, the 0.5mol TiCl4-
doped LiAlH4 prepared in Et2O releases much less hydrogen when it is stored at 
refrigerator temperature (2-6
o
C). Only 0.21 wt.%-H2 is consumed during the first  day 
and about 1 wt.%-H2 is released after the first week. Another possible solution of the 
storage problem is storing pre-milled LiAlH4 and the dopant separately. The doping is 
carried out before the material is used. However, to prevent LiAlH4 from decomposing, 
the crucial doping process (1. mixing LiAlH4 with TiCl4; 2. removing Et2O) should be 
carried out at 0
o
C or even lower temperature. Thus, it is difficult to complete the doping 
process without chemistry lab surroundings. 
 
4.4 Summary 
 
In this chapter, the crystal structure, the morphology and the dehydrogenation properties 
of TiCl4-doped LiAlH4 samples are investigated. In order to find a LiAlH4 sample with 
good compositive dehydrogenation properties, three different doping methods and five 
concentrations of TiCl4 are compared. Some conclusions can be drawn as following: 
 
a) Doping pre-milled LiAlH4 powder with liquid TiCl4 can significantly reduce the 
dehydrogenation onset temperature and improve the dehydrogenation kinetics.  
b) Among three low-energ-input doping methods: ball-milling, magnetic stirring and 
magnetic stirring in Et2O, the latter one exhibit advantages when doing LiAlH4 
with TiCl4. 
c) Among five LiAlH4 samples doped with different concentration of TiCl4 prepared 
by magnetic stirring in Et2O, 0.5 mol% TiCl4-doped LiAlH4 shows the best 
dehydrogenation properties. 
d) At 80°C, TiCl4-doped LiAlH4 can release up to 6.5 wt.%-H2, which opens the way 
to use of the exhaust heat of PEM fuel cells to trigger the hydrogen release from 
LiAlH4. 
e) Storing TiCl4-doped LiAlH4 sample at lower temperature leads to less hydrogen 
release during the storage process. 
 
So far, the dehydrogenation properties of four TM (NiCl2, TiCl3, ZrCl4 and TiCl4)-doped 
LiAlH4 powders have been studied and compared. To increase the volumetric hydrogen 
storage capacity, the powdery LiAlH4 samples should be compacted into pellets. The 
dehydrogenation properties of the pelletized LiAlH4 will be studied in next chapter.  
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5. TM-doped LiAlH4 compacts  
 
 
 
5.1 Introduction 
 
As discussed in 1.2.3, hydrogen is the preferred fuel for most of currently developed fuel 
cells. However, the convenient and economical hydrogen supply is one challenge for 
these fuel cell systems [140-144]. LiAlH4 is an promising hydrogen storage media for the 
application in fuel cell systems considering its high hydrogen density (10.62 wt.%) and 
the hydrogen storage safety (low-pressure storage). Therefore, it is meaningful to study 
the properties of compacted LiAlH4 used in PEM fuel cell systems. 
 
(1) Compacted LiAlH4 for PEM fuel cell systems 
 
In former chapters, the dehydrogenation properties of loose LiAlH4 powders have been 
studied. To increase the volumetric hydrogen storage capacity, the loose LiAlH4 powders 
should be compacted into pellets (see Fig 5.1). However, the dehydrogenation properties, 
the heat conductivity and the gas permeability of the compacted LiAlH4 changes 
depending on the porosity of the compacted LiAlH4 [145]. In this thesis, the 
dehydrogenation properties of the compacted TM-doped LiAlH4 will be investigated.  
 
 
 
Figure 5.1: 2 mol% ZrCl4-doped LiAlH4 pellets compacted at: 
(a) 15 MPa (before dehydrogenation), (b) 15 MPa (after dehydrogenation), 
(c) 180 MPa (before dehydrogenation), (d) 180 MPa (after dehydrogenation). 
 
Working as a hydrogen supplier in the PEM fuel cells systems, the hydrogen storage 
materials must have some important properties to meet the practical application. It 
includes the high hydrogen storage capacity
3
, the proper dehydrogenation pressure
4
 and 
the temperature close to the operation temperature of PEM fuel cells (aiming at using the 
                                                        
3
 The DOE targets for onboard hydrogen storage systems of 2017 is 5.5 wt.% and 40g-H2 /l [91]. 
4
 Usually, small PEM fuel cells are operated at normal ambient pressure, while larger fuel cells (≥10kW) 
are sometimes operated at higher pressures [141]. 
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exhaust heat of the system to trigger the dehydrogenation of the hydrogen storage 
material). Thus, the dehydrogenation tests of compacted LiAlH4 samples should be 
carried out at specific conditions simulating the environment of PEM fuel cell system. In 
addition, the dehydrogenation process leads to nonnegligible volume changes. It is 
important to consider the volume variations when designing the hydrogen supply system 
of the PEM fuel cells.  
 
(2) The content of this chapter 
 
LiAlH4 is frequently selected as the hydrogen storage material for investigating fuel cell 
system [146-151]. However, these studies often focus on the fuel cell system instead of 
the hydrogen storage material. In this study, 2 mol% TiCl3-doped LiAlH4 and ZrCl4-
doped LiAlH4 prepared in Et2O (see section 3.2.3) are selected as the research subjects, 
their dehydrogenation properties corresponding to reaction 1.15 and 1.16 will be 
investigated in details.  
In this chapter, the pelletization of TM-doped LiAlH4 is investigated aiming at a high 
volumetric hydrogen storage capacity. Then the effect of compaction pressure, the 
temperature and the pressure on the dehydrogenation properties of doped LiAlH4 pellets 
will be studied in section 5.3 and 5.4. Finally, the volume change and the short-term 
storage of TM-doped LiAlH4 pellets are discussed in section 5.5 and 5.6. 
 
 
5.2 Pellets preparation 
 
The pellets preparation is carried out on Atlas Manual Hydraulic Press inside the argon 
glovebox (Fig. 5.2 (a)). The press works by pumping oil to raise the piston and compress 
  
 
 
 
 
                           
Figure 5.2:   (a) Atlas Manual Hydraulic Press in Ar-glove box, (b) Pressing mold 
(a) 
(b) 
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LiAlH4 pellet 
the sample which is placed in the pressing area. The mold used for pellet pressing is 
displayed in Fig. 5.2 (b). 
 
 
 
 
 
 
 
              
                                               a)                                               b)                                                                                      
 
 
 
 
 
 
 
 
 
                     
                          c)                                           d)                                       e) 
 
 
 
 
 
 
                              
                              f)                                               g) 
 
 
Figure 5.3:   The flow sheet of the pellet preparation 
(1. steel pillar, 2. hollow cylinder, 3. steel pellet, 4. TM-doped LiAlH4, 5. solid cylinder) 
 
Fig. 5.3 illustrates the flow sheet of the pellet preparation. The pressing mold consists of 
two parts, a solid cylinder at the bottom and a hollow cylinder at the top. The process of 
pellet preparation can be described as below: 
 
a) A steel pellet is placed inside the hollow cylinder and on the solid cylinder. 
b) About 250 mg of prepared LiAlH4 powders is put on the steel pellet. 
c) Another steel pellet is placed on the top of the LiAlH4 powders.  
d) A steel pillar is inset into the hollow cylinder and on the second steel pellet.  
e) The whole system is placed in Atlas Manual Hydraulic Press (see Fig. 5.2 (a)) for 
compaction. Different compaction pressures are applied on the doped LiAlH4 
powders to obtain LiAlH4 pellets with different density. 
 1 
 2 
 3 
4 
5 
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f) The solid cylinder is removed. 
g) Two steel pellets and the prepared LiAlH4 pellet are removed from the hollow 
cylinder.  
 
 
5.3 The effect of compaction pressure on the dehydrogenation of LiAlH4  
 
To obtain a higher hydrogen volumetric density, the compacted LiAlH4 pellet, instead of 
the loose LiAlH4 powder, is the final form used in the PEM fuel cell system. The 
compaction pressure in the pellets preparation process has great influence on the density 
of ultimate LiAlH4 pellets, which will affect the dehydrogenation properties of the 
LiAlH4 pellets. Meanwhile, the contact of LiAlH4 and dopant will also be influenced by 
the compaction pressure. Thus, it is necessary to find the relation between the compaction 
pressure and the ultimate dehydrogenation properties of LiAlH4 pellets.   
 
 
5.3.1 The effect of compaction pressure on the dehydrogenation of ZrCl4-doped 
LiAlH4  
 
Fig. 5.4 shows the dehydrogenation curves of 2 mol% ZrCl4-doped LiAlH4 pellets at 
80
o
C with 1 bar H2 back-pressure. The dehydrogenation curves of the powder sample and 
the pellet sample compacted at 15 MPa nearly overlap with each other. As the 
compaction pressure increase, the dehydrogenation kinetics of samples is greatly 
improved. The possible reason has been discussed previously. In section 3.4.2, the ZrCl4-
doped LiAlH4 sample prepared by ball-milling exhibits better dehydrogenation kinetics 
than the samples prepared by the other doping methods with less energy input. It is 
assumed that for ZrCl4-doped LiAlH4, external force input is needed to reduce the 
particle size of ZrCl4 and promote the contact between ZrCl4 and LiAlH4. In Fig. 5.4, the 
external force is compaction pressure and higher compaction pressure lead to improved 
dehydrogenation kinetics of ZrCl4-doped LiAlH4 pellets. 
Table 5.1 shows the relation between the ZrCl4-doped LiAlH4 pellets’ properties and the 
compaction pressure in pellets preparation process. The amount of ZrCl4-doped LiAlH4 
powder is about 250 mg for each pellet. The amount of hydrogen release is calculated via 
data collected at 580 min in Fig. 5.4. Furthermore, the porosity of pressed pellets is 
obtained via formula 5.1. It can be seen that the density of the pellets decrease as the 
compaction pressure decrease. Consequently the porosity of the pressed pellets greatly 
increases from 4.54% to 34.09% when the applied pressure is reduced from 180 MPa to 
15 MPa. 
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Figure 5.4: Dehydrogenation characteristics of 2 mol% ZrCl4-doped LiAlH4 pellets 
compacted at different pressures (0 MPa represents the loose powder) 
 
 
                                                   Φ   =   1 - ρ pellets /ρ bulk                                                  (5.1) 
 
                            Φ   -  Porosity 
                            ρ pellets   -  The density of the LiAlH4 pellets 
                            ρ bulk   -  The bulk density of the LiAlH4 particles (0.917g/cm
3
) 
 
Table 5.1: Properties of ZrCl4-doped LiAlH4 pellets compacted at different pressure 
 
Mass 
(mg) 
Compaction
Pressure 
(MPa) 
Density 
(g/cm
3
) 
Porosity 
           (%) 
Amount of H2 
release after 
580 min (g/l) 
Amount of H2 
release after 
580 min (wt.%) 
252.7 15 0.604 34.09 11.90 1.97 
250.1 60 0.725 20.97 18.53 2.56 
249.8 180 0.875 4.54 31.96 3.71 
      
Simultaneously, the hydrogen gravimetric capacity of the compacted pellets decreases 
when the applied pressure is reduced. When the compaction pressure is 180 MPa, the 
hydrogen gravimetric capacity of the compacted pellet is 3.71 wt.%. While the applied 
pressure is reduced to 15 MPa, the hydrogen gravimetric capacity of the pressed pellets is 
decreased to 1.97 wt.%, which is nearly the same as that of the incompact powder sample 
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(1.96 wt.%). Both the reduced pellet density and the decreased hydrogen gravimetric 
capacity contribute to decreasing the hydrogen volumetric capacity of doped LiAlH4 
pellets. Thus, the hydrogen volumetric capacity of the compacted pellets dramatically 
decreases when the compaction pressure is reduced. As a result, ZrCl4-doped LiAlH4 
pellets with higher compaction pressure show evidently better comprehensive 
dehydrogenation properties with regard to both hydrogen release amount and 
dehydrogenation kinetics.  
 
 
5.3.2 The effect of compaction pressure on the dehydrogenation of TiCl3-doped 
LiAlH4 
 
Fig. 5.5 exhibits the dehydrogenation curves of TiCl3-doped LiAlH4 pellets at 80
o
C with 
1 bar H2 back-pressure. It can be seen that all the samples show comparatively good 
dehydrogenation properties. The powder sample shows the best dehydrogenation kinetics. 
All three compacted pellet samples nearly have the same dehydrogenation kinetics during 
the first 100 min. However, the dehydrogenation of pellets compacted at 60 MPa and 180 
MPa slows down a little after 100 min. In summary, the effect of compaction pressure on 
the dehydrogenation kinetics of TiCl3-doped LiAlH4 pellets is not obvious. This result is 
different from that of ZrCl4-doped LiAlH4 pellets discussed in section 5.3.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5: Dehydrogenation characteristics of 2 mol% TiCl3-doped LiAlH4 pellets 
compacted at different pressures (0 MPa represents the loose powder) 
Chapter 5 TM-doped LiAlH4 compacts 
 
93 
 
Table 5.2 shows the relation between the TiCl3-doped LiAlH4 pellets’ properties and the 
compaction pressure in pellets preparation process. Similar to ZrCl4-doped LiAlH4 
pellets, the data used for calculating the hydrogen release are collected at 580 min in Fig. 
5.5. From the results it can be seen that the density of the pellets increases as the 
compaction pressure on the powders increase. Consequently the porosity of the 
compacted pellets is dramatically reduced from 38.28 % to 6.47 % when the applied 
pressure increases from 15 MPa to 180 MPa.        
 
Table 5.2: Properties of TiCl3-doped LiAlH4 pellets compacted at different pressure 
 
Mass 
(mg) 
Compaction 
Pressure 
(MPa) 
Density 
(g/cm
3
) 
Porosity 
           (%) 
Amount of H2 
release after 
580 min (g/l) 
Amount of H2 
release after 
580 min (wt.%) 
247.9 15 0.566 38.28 37.59 6.64 
258.7 60 0.696 24.09 44.86 6.33 
250.4 180 0.858 6.47 53.88 6.28 
 
Different from the results of ZrCl4-doped LiAlH4 pellets, the calculated hydrogen 
gravimetric capacity of TiCl3-doped LiAlH4 pellets decrease when the compaction 
pressure increases. When the compaction pressure is 15 MPa, the hydrogen gravimetric 
capacity of the pellet is 6.64 wt.%. While the compaction pressure increases to 180 MPa, 
the hydrogen gravimetric capacity of the pellet is reduced to 6.28 wt.%. On the other 
hand, the hydrogen volumetric capacity is obtained via dividing the hydrogen release 
amount by the pellet’s volume. It is influenced by not only the hydrogen gravimetric 
capacity but also the pellet’s density. As a result of counteraction, the hydrogen 
volumetric capacity of TiCl3-doped LiAlH4 pellets increases from 37.59 g/l to 53.88 g/l 
when the compaction pressure increases from 15 MPa to 180 MPa.   
 
 
 
 
5.4 The effect of temperature and pressure on the dehydrogenation 
properties of LiAlH4 pellets   
 
For practical application in the PEM fuel cell system, the dehydrogenation of doped 
LiAlH4 samples should be controlled within appropriate temperature and pressure range. 
In this section, the effect of temperature and pressure on the dehydrogenation properties 
of doped LiAlH4 pellets will be discussed. 
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5.4.1 The effect of temperature on the dehydrogenation of doped LiAlH4 pellets     
 
Fig. 5.6 shows the dehydrogenation curves of ZrCl4-doped LiAlH4 pellets (compacted at 
180 MPa) at different temperatures with 1 bar H2 back-pressure. The results demonstrate 
the temperature has a strong effect on the dehydrogenation kinetics of ZrCl4-doped 
LiAlH4 pellets. When the ambient temperature is controlled at constant 60
o
C, only 0.76 
wt.%-H2 is released after 580 min. When increase the temperature to constant 70
o
C, 1.36 
wt.%-H2 is obtained after 580 min. When the temperature increases to 80
o
C, 3.71 wt.%-
H2 is released after 580 min, which is 2.7 times as much as the dehydrogenation amount 
of 70
o
C and nearly 5 times of 60
o
C.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6: Dehydrogenation characteristics of ZrCl4-doped LiAlH4 pellets at different 
temperature (compacted at 180 MPa) 
 
Table 5.3 lists the details about the dehydrogenation properties of ZrCl4-doped LiAlH4 
pellets compacted at 180 MPa. The data used for hydrogen release calculating are 
collected at 580 min in Fig 5.6. Due to the limitation of instrumental precision, there are 
uncertainties of the pellets’ density and porosity (see table 5.3). However, the 
experimental errors of porosity are controlled within 1.6 % and will be considered when 
analyzing the samples’ dehydrogenation properties. From table 5.3, it is clear that the 
hydrogen volumetric capacity and the hydrogen gravimetric capacity of ZrCl4-doped 
LiAlH4 pellets are greatly enhanced when the dehydrogenation temperature increases 
from 60
o
C to 80
o
C.   
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Table 5.3: Dehydrogenation properties of ZrCl4-doped LiAlH4 pellets at different 
temperatures (compacted at 180 MPa) 
 
Mass 
(mg) 
Dehydrogenatio
n Temperature 
(
o
C) 
Density 
(g/cm
3
) 
Porosity 
           (%) 
Amount of H2 
release after 
580 min (g/l) 
Amount of H2 
release after 
580 min (wt.%) 
249.0 60 0.873        4.85 6.67 0.76 
248.6 70 0.871 5.00 11.84 1.36 
249.8 80 0.875 4.54 31.96 3.71 
 
Fig. 5.7 shows the dehydrogenation curves of TiCl3-doped LiAlH4 pellets (compacted at 
15 MPa) at different temperature and 1 bar H2 back-pressure. Similar to the ZrCl4-doped 
LiAlH4 pellets, the dehydrogenation curves of TiCl3-doped LiAlH4 pellets show a 
pronounced trend that the higher dehydrogenation temperature lead to better 
dehydrogenation kinetics. When the ambient temperature is controlled at constant 60
o
C, 
5.89 wt.%-H2 is released after 580 min. When the temperature is increased to constant 
80
o
C, 6.64 wt.%-H2 is released after 580 min. However, the effect of temperature on the 
dehydrogenation kinetics of TiCl3-doped LiAlH4 pellets is not as sensitive as that of 
ZrCl4-doped LiAlH4 pellets. The hydrogen release amount of TiCl3-doped LiAlH4 pellets 
within 580 min at 80
o
C is only 1.13 times as much as that at 60
o
C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7: Dehydrogenation characteristics of TiCl3-doped LiAlH4 pellets at different 
temperature (compacted at 15 MPa) 
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Table 5.4: Dehydrogenation properties of TiCl3-doped LiAlH4 pellets at different 
temperatures (compacted at 15 MPa) 
 
Mass 
(mg) 
Dehydrogenatio
n Temperature 
(
o
C) 
Density 
(g/cm
3
) 
Porosity 
           (%) 
Amount of H2 
release after 
580 min (g/l) 
Amount of H2 
release after 
580 min (wt.%) 
247.3 60 0.556 39.34 32.76 5.89 
250.9 70 0.556 39.36 34.76 6.25 
247.9 80 0.566 38.28 37.59 6.64 
 
Table 5.4 exhibits the dehydrogenation properties of TiCl3-doped LiAlH4 pellets 
compacted at 15 MPa. The data used for hydrogen release calculating are collected at 580 
min in Fig. 5.7. Similarly, both the hydrogen volumetric capacity and the hydrogen 
gravimetric capacity of TiCl3-doped LiAlH4 pellets are enhanced when the 
dehydrogenation temperature increases from 60
o
C to 80
o
C.  However, the increment is 
not as much as that of ZrCl4-doped LiAlH4 pellets. It should be noticed that the released 
hydrogen of TiCl3-doped LiAlH4 pellet reaches 5.89 wt.% when the dehydrogenation 
temperature is 60
o
C, which has already surpassed the DOE targets for onboard hydrogen 
storage systems of 2017 (5.5 wt.%).  
 
5.4.2 The effect of H2 back-pressure on the dehydrogenation of doped LiAlH4 pellets     
 
Fig. 5.8 shows the dehydrogenation curves of ZrCl4-doped LiAlH4 pellets (compacted at  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8: Dehydrogenation characteristics of ZrCl4-doped LiAlH4 pellets at different 
H2 back-pressure (compacted at 180 MPa) 
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Table 5.5: Dehydrogenation properties of ZrCl4-doped LiAlH4 pellets at different H2 
back-pressure (compacted at 180 MPa) 
 
Mass 
(mg) 
Dehydrogenation 
Pressure 
(MPa) 
Density 
(g/cm
3
) 
Porosity 
           (%) 
Amount of H2 
release after 
580 min (g/l) 
Amount of H2 
release after 
580 min (wt.%) 
249.8 0.1 0.875 4.54 31.96 3.71 
246.5 0.2 0.864 5.80 28.69 3.32 
245.8 0.4 0.861 6.07 27.23 3.16 
 
180 MPa) at 80
o
C with different hydrogen back-pressure. The dehydrogenation curves of  
ZrCl4-doped LiAlH4 pellets at 0.2MPa and 0.4MPa almost overlap. When the 
dehydrogenation pressure is reduced to 0.1 MPa, the dehydrogenation kinetics of 
measured pellet is improved. The result suggests that within the simulated operation 
pressure range of PEM fuel cells (0.1-0.4 MPa), the decrease of hydrogen back-pressure 
leads to the improved dehydrogenation kinetics of ZrCl4-doped LiAlH4 pellets. However, 
the improvement of the dehydrogenation kinetics is not pronounced. Since it has been 
discussed in section 5.3.1 that the porosity decrease of ZrCl4-doped LiAlH4 pellets 
(induced by the higher compaction pressure, see table 5.1) leads to better 
dehydrogenation kinetics, it cannot be excluded that the small variation of 
dehydrogenation curves in Fig. 5.8 is caused by the tiny porosity difference of ZrCl4-
doped LiAlH4 pellets (see table 5.5).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9: Dehydrogenation characteristics of TiCl3-doped LiAlH4 pellets at different 
H2 back-pressure (compacted at 15 MPa) 
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Table 5.6: Dehydrogenation properties of TiCl3-doped LiAlH4 pellets at different H2 
back-pressure (compacted at 15 MPa) 
 
Mass 
(mg) 
Dehydrogenation 
Pressure 
(MPa) 
Density 
(g/cm
3
) 
Porosity 
           (%) 
Amount of H2 
release after 
580 min (g/l) 
Amount of H2 
release after 
580 min (wt.%) 
247.9 0.1 0.566 38.28 37.59 6.64 
246.7 0.2 0.563 38.58 37.23 6.61 
243.3 0.4 0.556 39.41 34.71 6.25 
 
Fig. 5.9 shows the dehydrogenation curves of TiCl3-doped LiAlH4 pellets (compacted at 
15 MPa) at 80
o
C with different hydrogen back-pressure. The dehydrogenation curves of 
TiCl3-doped LiAlH4 pellets at 0.1 MPa and 0.2 MPa almost overlap, which is a little 
faster than that of the pellet desorbs hydrogen at 0.4 MPa. The result indicates that within 
the simulated operation pressure range of PEM fuel cells (0.1-0.4 MPa), the decrease of 
hydrogen back-pressure also leads to the improved dehydrogenation kinetics of TiCl3-
doped LiAlH4 pellets. However, the difference of the dehydrogenation kinetics of TiCl3-
doped LiAlH4 pellets at different hydrogen back-pressure is small, which is similar to the 
case of ZrCl4-doped LiAlH4 pellets. 
 
 
 
 
5.5 Volume changes of LiAlH4 pellets during dehydrogenation  
 
In practical application for PEM fuel cell systems, the volume changes of doped LiAlH4 
pellets during the dehydrogenation should be considered. Since large volume changes 
pose engineering problems (e.g. bed packing, expansion, deformation etc.) [152], enough 
space must be left when design the hydrogen reservoir. 
 
 
 
Figure 5.10:   Simple design of a cylindrical hydrogen tank with LiAlH4 pellets 
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Fig. 5.10 displays a simple design of a hydrogen storage tank in the PEM fuel cell system. 
The main part of the hydrogen reservoir is assumed as a cylindrical tank [153-154]. 
LiAlH4 pellets are placed inside the tank side by side. Considering the volume change of 
the LiAlH4 pellets during dehydrogenation, the size of the cylindrical tank cannot be 
designed only referring to the size of freshly prepared LiAlH4 pellets. It has to refer to the 
data in table 5.7 and table 5.8. According to table 5.7, the volume of all ZrCl4-doped 
LiAlH4 pellets increases during dehydrogenation, the increment is from 6.3% to 12.0%. 
On the contrary, the volume of all TiCl3-doped LiAlH4 pellets decreases after (cf. table 
5.8).  
Before suggesting explanations for the contradiction of volume change between ZrCl4- 
and TiCl3-doped LiAlH4 pellets, it should be known that the volume change of doped 
LiAlH4 pellets can be ascribed to three reasons: (1) The dehydrogenation process of 
doped LiAlH4 pellets (LiAlH4→LiH + Al + H2↑) leads to the decreased pellets’ volume 
due to the increased density of products ( ρ LiAlH4 = 0.917 g cm
-3
, ρ LiH = 0.82 g cm
-3
, ρ Al 
= 2.7 g cm
-3
, the average density of LiH and Al is ρ LiH +  Al > ρ LiAlH4); During the 
dehydrogenation process, the particles inside the pellets will stretch, distort or break to 
make a path for hydrogen gas to escape, simultaneously inducing volume swelling, or 
even breakage of pellet samples. According to the investigations of Beattie [81], doped 
LiAlH4 samples decompose at a lower temperate and dehydrogenate more slowly than 
the undoped LiAlH4 samples. A benign outgassing of the doped LiAlH4 samples leads to 
less morphological change than undoped LiAlH4 samples. In other words, the benign 
outgassing may cause less volume swelling than the drastic outgassing; (3) During 
dehydrogenation, the formation of hydrogen bubbles inside pellets also might cause the 
volume swelling of the pellets. The swelling continues until the hydrogen bubbles contact 
with open pores. All of the three factors influence the doped LiAlH4 pellets in different 
extent and finally lead to the swelling or shrinkage of different samples. 
Referring to the doped LiAlH4 pellets in Table 5.7 and Table 5.8, the data are collected 
after two steps of dehydrogenation: Firstly, the doped LiAlH4 pellets experience a benign 
dehydrogenation process at constant 80
o
C for 580 min (cf. Figs. 5.4-5.9); Secondly, the 
residual hydrogen storage capacity is rapidly released when the temperature increases to 
240°C. In the case of ZrCl4-doped LiAlH4 pellets, factor (2) is the dominant factor of the 
volume change since more than 50 % of hydrogen storage capacity is released in a drastic 
manner only at higher temperatures 240°C. In connection with Figs. 5.4, 5.6 and 5.8, it is 
easy to find that the pellet desorbs less hydrogen within 580 min has a larger volume  
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Table 5.7:   The size change of 2 mol% ZrCl4-doped LiAlH4 pellets 
     
Preparation conditions Dehydrogenation conditions After preparation After dehydrogenation Volume 
Change 
(%) 
Mass 
(mg) 
Applied 
pressure 
(MPa) 
Temperature 
(
o
C) 
Pressure 
(bar) 
Diameter 
(cm) 
Thickness 
(cm) 
Volume 
(cm
3
) 
Diameter 
(cm) 
Thickness 
(cm) 
Volume 
(cm
3
) 
252.7 15 80 1  
 
 
1.300 
0.315 0.418 1.335 0.33 0.462 +10.5 
250.1 60 80 1 0.260 0.345 1.34 0.265 0.374 +8.3 
249.0 180 60 1 0.215 0.285 1.345 0.225 0.320 +12.0 
248.6 180 70 1 0.215 0.285 1.335 0.225 0.315 +10.4 
249.8 180 80 1 0.215 0.285 1.325 0.22 0.303 +6.3 
246.5 180 80 2 0.215 0.285 1.33 0.22 0.306 +7.1 
245.8 180 80 4 0.215 0.285 1.335 0.22 0.308 +7.9 
  (* The final dehydrogenation temperature of all doped pellets is about 240 
o
C) 
 
Table 5.8:   The size change of 2 mol% TiCl3-doped LiAlH4 pellets 
 
Preparation conditions Dehydrogenation conditions After preparation After dehydrogenation Volume 
Change 
(%) 
Mass 
(mg) 
Applied 
pressure 
(MPa) 
Temperature 
(
o
C) 
Pressure 
(bar) 
Diameter 
(cm) 
Thickness 
(cm) 
Volume 
(cm
3
) 
Diameter 
(cm) 
Thickness 
(cm) 
Volume 
(cm
3
) 
247.9 15 80 1  
 
 
1.300 
0.33 0.438 1.275 0.325 0.415 -5.3 
258.7 60 80 1 0.28 0.372 1.27 0.27 0.342 -6.3 
250.4 180 80 1 0.22 0.292 1.27 0.215 0.272 -6.7 
247.3 15 60 1 0.335 0.445 1.27 0.33 0.418 -6.0 
250.9 15 70 1 0.34 0.451 1.275 0.33 0.421 -6.6 
246.7 15 80 2 0.33 0.438 1.28 0.325 0.418 -4.5 
243.3 15 80 4 0.33 0.438 1.28 0.325 0.418 -4.5 
  (*The final dehydrogenation temperature of all doped pellets is about 240 
o
C.)
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variation after complete dehydrogenation. In contrast, more than 80% of the hydrogen 
storage capacity of TiCl3-doped LiAlH4 pellets has already been released in a soft manner 
in the first step (cf. Figs. 5.5, 5.7 and 5.9). Therefore, factor (1) appears to become 
dominant for the volume change of TiCl3-doped LiAlH4 pellets. Since the volume of 
TiCl3- and ZrCl4-doped LiAlH4 changes in opposite directions, co-doping might be a 
possible method to obtain volume-stable LiAlH4 pellets. 
 
5.6 Storability of doped LiAlH4 pellets    
 
The storage tests of the doped-LiAlH4 pellets compacted at different pressure are carried 
out in this section. Similar to former chapters, the samples are divided into two groups 
and measured at two different conditions to simulate the storage environment in real 
application: (1) at room temperature (20-24
o
C); (2) at normal refrigerator temperature (2-
6
o
C). The measurements are counted by days and the duration is 8 days. The errors of 
weight loss are within ± 0.2 wt.%.   
 
5.6.1 The short-term storability of ZrCl4-doped LiAlH4 pellets    
 
The mass loss of the ZrCl4-doped LiAlH4 pellets (compacted at different pressure) at  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.11: Dehydrogenation of ZrCl4-doped LiAlH4 pellets at room temperature 
(error: ± 0.2 wt.%) 
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room temperature is displayed in Fig. 5.11. Similar to the results in section 5.3.1, the 
pellet sample compacted at 180 MPa shows the fastest dehydrogenation kinetics. It 
releases 1.43 wt.%-H2 within 8 days. The dehydrogenation kinetics of pellet samples at 
room temperature becomes slower when the compaction pressure decrease. The pellet 
sample compacted at 15 MPa releases only 0.44 wt.%-H2 within 8 days, which is close to 
the hydrogen release amount of ZrCl4-doped LiAlH4 powder stored at room temperature 
during the first week (0.49 wt.%-H2, see section 3.3.4).    
 
Figure 5.12: Dehydrogenation of ZrCl4-doped LiAlH4 pellets at refrigerator 
temperature (error: ± 0.2 wt.%) 
 
For comparison, Fig. 5.12 shows the mass loss of the ZrCl4-doped LiAlH4 pellets 
(compacted at different pressures) at refrigerator temperature. According to Fig. 5.12, the 
mass variation of all the ZrCl4-doped LiAlH4 pellets is less than 0.1wt.%, which is within 
the range of experimental errors (±0.2 wt.%). This result is similar to the 
dehydrogenation of ZrCl4-doped LiAlH4 powder stored at refrigerator temperature during 
the first week (0.07 wt.%-H2, see section 3.3.4).  Thus, the mass loss of ZrCl4-doped 
LiAlH4 pellets during the short-term storage can be completely ignored for practical 
applications.  
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5.6.2 The short-term storability of TiCl3-doped LiAlH4 pellets    
 
Fig. 5.13 presents the mass loss of the TiCl3-doped LiAlH4 pellets (compacted at different 
pressures) at room temperature. Unlike the ZrCl4-doped LiAlH4 pellets, the 
dehydrogenation kinetics of the three TiCl3-doped LiAlH4 pellets at room temperature is 
nearly the same. After 8 days, about 4.5 wt.%-H2 is released from the three TiCl3-doped 
LiAlH4 pellets, which is close to the hydrogen release amount of TiCl3-doped LiAlH4 
powder stored at room temperature during the first week (5.1 wt.%-H2, see section 3.3.4). 
For comparison, Fig. 5.14 shows the mass loss of the TiCl3-doped LiAlH4 pellets 
(compacted at different pressure) stored at refrigerator temperature. The highest hydrogen 
release amount during the 8 days is 0.48 wt.%, from the pellet sampled compacted at 180 
MPa. This value is close to mass loss of TiCl3-doped LiAlH4 powder stored at 
refrigerator temperature during the first week (0.38 wt.%-H2, see section 3.3.4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.13: Dehydrogenation of TiCl3-doped LiAlH4 pellets at room temperature 
(error: ± 0.2 wt.%) 
 
In summary, storing ZrCl4- and TiCl3-doped LiAlH4 pellets at refrigerator temperature 
leads to lower hydrogen release than that of the pellets stored at room temperature during 
the short-term storage process. In addition, trends of dehydrogenation behaviors of the 
TM-doped LiAlH4 pellets are similar when they are placed at 80
o
C and at room 
temperature. In other words, a sample show the best dehydrogenation kinetics at 80
o
C  
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Figure 5.14: Dehydrogenation of TiCl3-doped LiAlH4 pellets at refrigerator 
temperature (error: ± 0.2 wt.%) 
 
will also has the fastest dehydrogenation kinetics at room temperature. This brings 
troubles in practical application since hydrogen storage materials are always requested to 
have good dehydrogenation kinetics at working temperature but minimum 
dehydrogenation kinetics at storage temperature. 
 
 
 
5.7 Summary 
 
In this chapter, as an example, compacted TM-doped LiAlH4 (doped in Et2O) is studied 
in view of practical application. The effects of temperature, pressure and compaction 
pressure in pellet preparation on the dehydrogenation properties of LiAlH4 pellets are 
systematically investigated. Some important conclusions are drawn as below: 
 
a) As the compaction pressure increases, the density of the doped LiAlH4 pellets 
increases, while the porosity of the pellets decreases. Consequently, the hydrogen 
volumetric capacity of the doped LiAlH4 pellet samples will be greatly enhanced.  
b) As the compaction pressure increases, the dehydrogenation kinetics of the ZrCl4-
doped LiAlH4 pellets improves. In contrast, the compaction pressure does not show 
evident influence on the dehydrogenation kinetics of TiCl3-doped LiAlH4 pellets.  
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c) The dehydrogenation kinetics of the ZrCl4- and TiCl3-doped LiAlH4 pellet samples 
are greatly improved when the temperature increases.  
d) The effect of hydrogen back-pressure (in the range of 1-4 bar) on the 
dehydrogenation kinetics of the doped LiAlH4 pellets is not significant. 
e) After dehydrogenation, the volume swelling of ZrCl4-doped LiAlH4 pellets and the 
volume shrinkage of TiCl3-doped LiAlH4 pellets has been observed. 
f) Storing ZrCl4- and TiCl3-doped LiAlH4 pellets at refrigerator temperature leads to 
lower hydrogen release than that of the pellets stored at room temperature during the 
short-term storage process.  
 
However, the study of this chapter only refers to the dehydrogenation properties of 
compacted TM-doped LiAlH4. Some important parameters, such as the heat conductivity, 
the gas permeability and the acting forces onto the wall of the tank during volume 
variation, have not been investigated. Therefore, further study is needed for the 
compacted TM-doped LiAlH4. 
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6. Summary and Outlook 
 
 
 
6.1 Summary    
 
LiAlH4, as single-use hydrogen storage material, has been selected as the research subject 
of this thesis. The effects of four promising TM chlorides (group 1: NiCl2/TiCl3/ZrCl4; 
group 2: TiCl4) on the dehydrogenation properties of LiAlH4 has been studied. For each 
TM chloride, three different doping methods are compared and the best method is 
selected to prepare doped LiAlH4 powder with optimum dehydrogenation properties, 
including the lowest dehydrogenation onset temperature, the fastest dehydrogenation 
kinetics and the highest hydrogen storage capacity. In addition, the dehydrogenation 
properties of ZrCl4- and TiCl3- doped LiAlH4 pellets are investigated for practical 
application in the PEM fuel cell system. From the analysis and discussion in chapters 3, 4 
and 5, some important conclusions are drawn as following:  
 
(1) TM-doped LiAlH4 powder 
 
a) Doping pre-milled LiAlH4 powder with TiCl3, ZrCl4 or TiCl4 can significantly reduce 
the dehydrogenation onset temperature and improve the dehydrogenation kinetics. 
For example, TiCl3-doped LiAlH4 prepared in Et2O release about 6.7 wt.% of 
hydrogen within 580 min at 80
o
C, whereas the undoped LiAlH4 sample only can 
release about 0.13 wt.% of hydrogen at the same conditions. 
b) The precursors of effective catalysts (TiCl3, ZrCl4 and TiCl4) coexist with LiAlH4 
after doping. Therefore, the unwanted dehydrogenation during the doping process is 
avoided or, at least, greatly reduced when using three low-energy-input doping 
methods for each dopant.  
c) The selection of doping methods should depend on the specific dopant of the LiAlH4 
sample. To reduce the dehydrogenation temperature and improve the 
dehydrogenation kinetics, ball-milling is the best doping method for ZrCl4-doped 
LiAlH4 samples, whereas stirring in Et2O is more applicable for TiCl3- and TiCl4- 
doped LiAlH4 samples. 
d) At 80°C, 2 mol % TiCl3-doped LiAlH4 powder prepared in Et2O releases about 6.7 
wt.%-H2 within 580 min; 0.5 mol % TiCl4-doped LiAlH4 powder releases about 6.5 
wt.%-H2 within 590 min, which opens the way of using the exhaust heat of PEM fuel 
cells to trigger the hydrogen release from LiAlH4.  
e) Storing doped LiAlH4 at refrigerator temperature (2-6
o
C) leads to lower hydrogen 
release than that of the samples stored at room temperature (20-24
o
C). 
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(2) Compacted TM-doped LiAlH4  
 
a) As the compaction pressure increases, the density of the TiCl3- and ZrCl4-doped 
LiAlH4 pellets increases, while the porosity of the pellets decreases. Consequently, 
the hydrogen volumetric capacity of the doped LiAlH4 pellet samples will be greatly 
enhanced.  
b) As the compaction pressure increases, the dehydrogenation kinetics of the ZrCl4-
doped LiAlH4 pellets is improved. In contrast, the compaction pressure does not show 
evident influence on the dehydrogenation kinetics of TiCl3-doped LiAlH4 pellets. 
c) The dehydrogenation kinetics of the ZrCl4- and TiCl3-doped LiAlH4 pellet samples 
are greatly improved when the temperature increases.  
d) The effect of hydrogen back-pressure (in the range of 1-4 bar) on the 
dehydrogenation kinetics of the doped LiAlH4 pellets is not significant. 
e) After dehydrogenation, the volume swelling of ZrCl4-doped LiAlH4 pellets and the 
volume shrinkage of TiCl3-doped LiAlH4 pellets has been observed. 
f) Trends of dehydrogenation behaviors of the TM-doped LiAlH4 pellets are similar 
when they are placed at 80
o
C and at room temperature. 
 
Table 6.1: Dehydrogenation properties comparison of TM chloride-doped  
LiAlH4 powders 
 
 
dopant atmosphere dehydrogenation heating  
rate 
Doping 
method 
Ref. 
gas pressure H2 released 
(wt.%) 
onset temp. 
(°C) 
(K/min)  
(Pa)   
5 wt.% 
TiCl3 
Ar not mentioned 
~ 0.3 
not 
mentioned 
2 Ball milling [123] 
5 wt.% 
ZrCl4 
~ 1.1 
2 mol% 
TiCl3 
Ar 10
5
 
~ 1.5 
> 100 3 Ball milling [110] 
2 mol% 
TiCl4 
~ 1.3 
4 mol% 
ZrCl4 
not mentioned ~ 6 ~ 100 7 
Manual 
grinding 
[124] 
2 mol% 
TiCl3 
vacuum not mentioned ~ 2.0 ~ 50 1.3 Ball milling [109] 
3 mol% 
TiCl4 
vacuum not mentioned 2.08 122 
not 
mentioned 
Ball milling [122] 
2 mol% 
TiCl3 
H2 10
5
 
6.7 
< 80 1 
Stir in Et2O 
This 
work 
2 mol% 
ZrCl4 
4.6 Ball milling 
2 mol% 
TiCl4 
6.5 Stir in Et2O 
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In table 6.1, the best results of the doped LiAlH4 powders in this study are compared with 
similar materials in former reports. According to the released hydrogen amount in this 
study, the undesirable dehydrogenation of TiCl3-, ZrCl4- and TiCl4- doped LiAlH4 during 
the doping process is successfully avoided or greatly reduced. Furthermore, all the 
dehydrogenation tests of this work are carried out at constant 80
o
C and the hydrogen 
back-pressure of 1 bar, which simulates the operating conditions of hydrogen storage 
material in the application of PEM fuel cell system. The targets of DOE for onboard 
hydrogen storage system in 2017 include reaching the hydrogen gravimetric capacity of 
0.055 kg H2/kg system (i.e. 5.5 wt.%) and the hydrogen volumetric capacity of 40 g H2/l 
system [91]. In this study, several samples already have potential to reach the targets of 
DOE (see table 6.2). The flowing paragraphs will discuss the performance and problems 
of two typical samples (3# and 8#).   
 
(1) ZrCl4-doped LiAlH4 powders prepared by ball-milling (3#) 
 
At 80
o
C and hydrogen pressure of 1 bar, about 4.6 wt.%-H2 is released from sample 3# 
within 580 min, which is close to the targets of DOE for onboard hydrogen storage 
system in 2017 (i.e. 5.5 wt.%). So far, this material has not been selected for pellets 
preparation. However, the prospective volumetric capacity of its pellets is higher than 
31.96 g/l (the volumetric capacity of powder samples: 3# > 9#), which is also close to the 
targets of DOE (40 g H2/l system). The main problem of sample 3# is that its 
dehydrogenation kinetic at working temperature (80
o
C) need to be further improved.  
 
(2) TiCl3-doped LiAlH4 powders prepared in Et2O (8#) 
 
At 80
o
C and hydrogen pressure of 1 bar, about 6.7 wt.%-H2 is released from sample 8# 
within 580 min, which is already exceeded the targets of DOE. The volumetric capacity 
of its pellets reaches 53.9 g/l, higher than the targets of 40 g H2/l system. However, there 
are two problems for the practical application of sample 8#: (a) The storage problem, 
about 0.5 wt.%-H2 is released from sample 8# during the first week when it was stored at 
refrigerator temperature (2-6
o
C). Thus, a lower temperature would be needed for its long-
term storage; (b) Unwanted dehydrogenation at room temperature. When sample 8# is 
served as the hydrogen supplier in PEM fuel cell system, it will experience the working 
temperature (80
 o
C) and the temperature for break time (room temperature). The 
dehydrogenation kinetics of the hydrogen storage material should be fast at working 
temperature while slow at the temperature of break time, which is difficult for TiCl3-
doped LiAlH4.  
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Table 6.2: Dehydrogenation of doped LiAlH4 samples (80
o
C, 1 bar H2, ~580 min) 
 
 
 
Samples 
Powders Pellets 
ZrCl4-doped 
LiAlH4 by 
ball-milling (3#) 
TiCl3-doped 
LiAlH4 in 
Et2O (8#) 
TiCl4-doped 
LiAlH4 in 
Et2O (3#-7#) 
ZrCl4-doped 
LiAlH4 by 
in Et2O 
(180 MPa) 
TiCl3-doped 
LiAlH4 by 
in Et2O 
(180 MPa) 
H2-gravimetric 
capacity (wt.%) 
4.60 6.69 ~5.35-6.02 3.71 6.28 
H2-volumetric 
capacity (g/l) 
~ 13 ~ 18 ~ 15-17 31.96 53.88 
 
 
 
6.2 Outlook 
 
In this thesis, improved dehydrogenation properties of TM-doped LiAlH4 for fuel cell 
systems are obtained by selecting advanced doping techniques. Several samples have 
huge potential to meet the requirement of practical application. Based on their problems 
discussed in section 6.1, there are three research directions valuable for further 
development of LiAlH4 as hydrogen storage material.           
 
(1) The effect of particle size on the dehydrogenation of TM-doped LiAlH4   
 
For the materials with good storage stability, such as ZrCl4-doped LiAlH4 in this thesis, 
study should focus on how to improve its dehydrogenation kinetic at working 
temperature (80
o
C). One possible research direction is the effect of particle size on the 
dehydrogenation kinetic of TM-doped LiAlH4 at working temperature. The study 
includes the particle size of LiAlH4, dopants and the products during the doping process 
(if the products can be detected). The methods include pre-milling the dopant, increasing 
the rotation speed of ball-milling, increasing the ball-to-powder weight ratio of ball 
milling, employing new doping method and so on.      
 
(2)  Separate storage and fast doping systems   
  
For the materials without good storage stability, such as TiCl3-doped LiAlH4 in this thesis, 
study should focus on how to resolve its storage problems, especially the storage at room 
temperature (the state of hydrogen storage materials in fuel cell systems at break time). 
Simultaneously, the dehydrogenation properties of the material at working temperature 
(80
o
C) cannot be greatly influenced. Unfortunately, trends of dehydrogenation behaviors 
of TiCl3-doped LiAlH4 are similar when they are placed at 80
o
C and at room temperature. 
A possible way to resolve this problem is adjusting the concentration of TiCl3 in LiAlH4 
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to find a balance between the enhanced kinetics at 80
 o
C and the acceptable kinetics at 
room temperature.  
However, the problem cannot be excluded even the appropriate concentration of TiCl3 is 
found. Another way to solve the problem is separate storage of TiCl3 and LiAlH4 before 
the dehydrogenation. Thus, a system of fast doping should be developed for this purpose. 
Fig. 6.1 shows a simple design of the doping system. LiAlH4 and TiCl3 are placed into 
the container through pipes and mixed at the bottom of the container. As temperature 
increases to a specific point, hydrogen is released from the mixed materials and emit into 
the fuel cell system. When organic solvent is needed in the doping process, the design of 
the doping system will be more complicate.         
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1:   A simple design of the fast doping system for LiAlH4 
 
(3) The effect of multi-dopants on the dehydrogenation of LiAlH4   
  
The cooperation of dopants on improving properties of material has been reported in the 
research of NaAlH4 and Mg-based hydrogen storage materials [155-156]. In contrast, 
reports about the effect of multi-dopants on the dehydrogenation of LiAlH4 are seldom 
found in former literatures. These multi-dopants contain metal-metal (e.g. Zr-Ti, Zr-Ti-V), 
metal-compound (e.g. Ti-ZrCl4), and compound-compound (e.g. TiO2-ZrCl4). However, 
the selection of multi-dopants should base on the effect of respective dopant and the 
possible reactions between these dopants.     
Except for improving the dehydrogenation properties of LiAlH4, more tests should be 
carried out for the practical application. For example, the improved heat and gas transport 
properties of LiAlH4 pellets will be crucial for increased loading dynamics of the LiAlH4 
tank [145]. Thus, the heat conductivity and gas permeability of LiAlH4 pellets should be 
LiAlH4 TiCl3 
H2 
Filter 
Stirrer 
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tested after the dehydrogenation measurements. Furthermore, refer to mass production of 
doped LiAlH4, more engineering and safety aspects, such as the heat dissipation of 
doping process, should be considered. 
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